An in-tube heat transfer comparison for nanofluids and water by Feltes, Steven David
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
1-1-2005
An in-tube heat transfer comparison for nanofluids
and water
Steven David Feltes
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/rtd
This Thesis is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University Digital
Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University Digital
Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Feltes, Steven David, "An in-tube heat transfer comparison for nanofluids and water" (2005). Retrospective Theses and Dissertations.
18771.
https://lib.dr.iastate.edu/rtd/18771
An in-tube heat transfer comparison for nanofluids and water 
by 
Steven David Feltes 
A thesis submitted to the graduate faculty 
in partial fulfillment of the requirements for the degree of 
MASTER OF SCIENCE 
Major: Mechanical Engineering 
Program of Study Committee: 
Michael B. Pate, Major Professor 
Francine Battaglia 
Frank Peters 
Iowa State University 
Ames, Iowa 
2005 
Copyright© Steven David Feltes, 2005 . All rights reserved. 
11 
Graduate College 
Iowa State University 
This is to certify that the master's thesis of 
Steven David Feltes 
has met the thesis requirements oflowa State University 
Signatures have been redacted for privacy 
lll 
TABLE OF CONTENTS 
LIST OF FIGURES ................................................................................................................. vi 
LIST OF TABLES ................................................................................................................... ix 
LIST OF NOMENCLATURE ................................................................................................. xi 
ACKNOWLEDGMENTS ..................................................................................................... xiii 
CHAPTER 1. INTRODUCTION .............................................................................................. 1 
1.1 Background ..................................................................................................................... 1 
1.2 Objectives ....................................................................................................................... 1 
1.3 Scope ............................................................................................................................... 2 
1.3.1 Nanoparticles of interest ........................................................................................... 2 
1.3.2 Fluids of interest ...................................................................................................... 2 
1.3.3 Overview of Study ................................................................................................... 2 
1.4 Terminology .................................................................................................................... 3 
CHAPTER 2. LITERATURE REVIEW ................................................................................... 4 
2.1 Overview ......................................................................................................................... 4 
2.2 Enhancements of Thermal Conductivity ........................................................................ 4 
2.3 Enhancements in Heat Transfer Coefficient ................................................................... 7 
2.3.1 Experiments Using Various Nanofluids .................................................................. 7 
2.3.2 Experiments Using Aluminum Oxide in Water. ...................................................... 8 
CHAPTER 3. EXPERIMENTAL SETUP .............................................................................. 10 
3 .1 Apparatus .................... .................................................................................................. 10 
3.1.1 Test Section ............................................................................................................ 10 
3.1.2 Flow Meter ............................................................................................................. 12 
3 .1.3 Heat Exchanger ...................................................................................................... 12 
3.1.4 Pump ...................................................................................................................... 13 
3.1.5 Data Acquisition .................................................................................................... 13 
3 .2 Experimental Procedures .............................................................................................. 13 
3 .2 .1 Operating Parameters ............................................................................................. 13 
3.2.2 Preparation ofNanofluids ...................................................................................... 14 
3.2.3 General Rig Operation .......................................... .. ............................................... 15 
3.2.4 Adjusting the Volume Fraction of the Nanofluid .................................................. 16 
3.2.5 Nanofluid Property Test. ........................................................................................ 17 
CHAPTER 4. EXPERIMENTAL RESULTS ......................................................................... 18 
4.1 Data Reduction .............................................................................................................. 18 
4.1.1 Governing Equation ............................................................................................... 18 
lV 
4.1.2 Establishing Temperatures ..................................................................................... 18 
4.1.3 Calculating Heat Input ........................................................................................... 19 
4.1.4 Correction Factor ................................................................................................... 19 
4.2 Pure Water Results ........................................................................................................ 20 
4.2.1 Energy Balance ...................................................................................................... 20 
4.2.2 Heat Transfer Coefficient ...................................................................................... 21 
4.2.3 Nusselt Number ..................................................................................................... 24 
4.2.4 Pressure Drop ......................................................................................................... 26 
4.3 Nanofluid Results .......................................................................................................... 27 
4.3.1 Density Measurements ........................................................................................... 27 
4.3.2 Viscosity Measurements ........................................................................................ 28 
4.3.3 Specific Heat .......................................................................................................... 30 
4.3.4 Heat Transfer Coefficient ...................................................................................... 31 
4.3.5 Pressure Drop .... ..................................................................................................... 40 
CHAPTER 5. THEORETICAL MODELS ............................................................................ .44 
5 .1 Theoretical Model Development .................................................................................. 44 
5.1.1 Nusselt Number ..................................................................................................... 44 
5.1.2 Prandtl Number ...................................................................................................... 45 
5.1.3 Thermal Conductivity ................................. ........................................................... 45 
5 .2 Comparison of Theoretical and Experimental Results ................................................. 46 
5.2.1 Volume Fraction of 3% .......................................................................................... 46 
5.2.2 Volume Fraction of 4% .......................................................................................... 48 
5.2.3 Volume Fraction of 5% .......................................................................................... 50 
5.2.4 All Nanofluid Volume Fractions ........................................................................... 53 
CHAPTER 6. CONCLUSIONS .............................................................................................. 56 
CHAPTER 7. RECOMMENDATIONS .................................................................................. 57 
7.1 Volume Fraction ........................................................................................................... 57 
7.2 Nanoparticles ................................................................................................................ 57 
7 .2.1 Type of Material .................................................................................................... 57 
7.2.2 Size of Particles ...................................................................................................... 58 
7.3 Base Fluid ..................................................................................................................... 58 
7.4 Equipment ..................................................................................................................... 58 
BIBLIOGRAPHY .................................................................................................................... 59 
APPENDIX A. TESTDATA .................................................................................................. 61 
APPENDIX B. RIG CORRECTION FACTOR ...................................................................... 73 
APPENDIX C. EXPERIMENTAL UNCERTAINTY ............................................................ 76 
APPENDIX D. ENTRANCE REGION CALCULATION ..................................................... 78 
v 
APPENDIX E. DATA ACQUISITION PROGRAM .............................................................. 79 
APPENDIX F. HEAT TRANSFER RATIO COMPARISONS .............................................. 84 
Vl 
LIST OF FIGURES 
Figure 3.1: Schematic of Apparatus ........................................................................................ 12 
Figure 3.2: Top View of Apparatus Test Section ................................................................... 12 
Figure 4.1: Sample Temperature Plot of Water Data ............................................................. 19 
Figure 4.2: Energy Balance Ratio of the apparatus vs. electric heat input.. ........................... 21 
Figure 4.3: Heat transfer coefficient vs. Reynolds number for inlet temperature of 24°C ..... 22 
Figure 4.4: Heat transfer coefficient vs. Reynolds number for inlet temperature of 32°C ..... 23 
Figure 4.5: Experimental heat transfer coefficient vs. theoretical heat transfer coefficient. .. 24 
Figure 4.6: Nusselt number vs. Reynolds number for inlet temperature of 24°C ................... 25 
Figure 4.7: Nusselt number vs. Reynolds number for inlet temperature of 32°C ................... 26 
Figure 4.8: Pressure drop vs. Reynolds number for both inlet temperatures .......................... 27 
Figure 4.9: Density vs. volume fraction for nanofluid solutions ............................................ 28 
Figure 4.10: Dynamic viscosity ratio vs. volume fraction for nanofluid solutions ................ 29 
Figure 4.11: Average specific heat vs. volume fraction for nanofluid solutions .................... 31 
Figure 4.12: Heat transfer coefficient vs. Reynolds number for inlet temperature of 
24°C and volume fraction of 3% ........................................................................ 32 
Figure 4.13: Heat transfer coefficient vs. Reynolds number for inlet temperature of 
24°C and volume fraction of 4% ........................................................................ 33 
Figure 4.14: Heat transfer coefficient vs. Reynolds number for inlet temperature of 
24°C and volume fraction of 5% ........................................................................ 34 
Figure 4.15: Heat transfer coefficient vs. Reynolds number for inlet temperature of24°C ... 34 
Figure 4.16: Heat transfer coefficient vs. Reynolds number for inlet temperature of 
32°C and volume fraction of 3% ........................................................................ 35 
Figure 4.17: Heat transfer coefficient vs. Reynolds number for inlet temperature of 
32°C and volume fraction of 4% .......................... ; ............................................. 36 
vu 
Figure 4.18: Heat transfer coefficient vs. Reynolds number for inlet temperature of 
32°C and volume fraction of 5% ....... ................................................................. 37 
Figure 4.19: Heat transfer coefficient vs. Reynolds number for inlet temperature of 32°C ... 3 7 
Figure 4.20: Heat transfer ratio vs. volume fraction for nanofluid solutions ......................... 38 
Figure 4.21: Average heat transfer ratios vs. volume fraction for nanofluid solutions .......... 39 
Figure 4.22: Pressure Drop vs. Reynolds number for inlet temperature of 24°C .......... ......... 40 
Figure 4.23: Pressure Drop vs. Reynolds number for inlet temperature of 32°C. .................. 41 
Figure 4.24: Pressure drop ratio vs. volume fraction for nanofluid solutions ........................ 42 
Figure 4.25: Average pressure drop ratios vs. volume fraction for nanofluid solutions ........ 43 
Figure 5.1: Heat transfer coefficient vs. Reynolds number for inlet temperature of 
24°C and volume fraction of 3% .................... ................ ....................................... 47 
Figure 5.2: Heat transfer coefficient vs. Reynolds number for inlet temperature of 
32°C and volume fraction of 3% .......................... ................................................. 47 
Figure 5.3: Experimental heat transfer coefficient vs. theoretical heat transfer coefficient, 
3% volume fraction ..................................... ..... .... ...... ........................................... 48 
Figure 5.4: Heat transfer coefficient vs. Reynolds number for inlet temperature of 
24°C and volume fraction of 4% .......................... ................................................. 49 
Figure 5.5: Heat transfer coefficient vs. Reynolds number for inlet temperature of 
32°C and volume fraction of 4% .......................... ....................... ..... .. ................... 49 
Figure 5.6: Experimental heat transfer coefficient vs. theoretical heat transfer coefficient, 
4% volume fraction ............................................................................................... 50 
Figure 5.7: Heat transfer coefficient vs. Reynolds number for inlet temperature of 
24°C and volume fraction of 5% ........................................................................... 51 
Figure 5.8: Heat transfer coefficient vs. Reynolds number for inlet temperature of 
32°C and volume fraction of 5% ....................... .......... .......................................... 52 
Figure 5.9: Experimental heat transfer coefficient vs. theoretical heat transfer coefficient, 
5% volume fraction ............................................................................................... 52 
Vlll 
Figure 5.10: Experimental heat transfer coefficient vs. theoretical heat transfer coefficient, 
all volume fractions ............... ....... .............. ............... .......... .......... ... ......... ..... .... 53 
Figure 5.11: Theoretical heat transfer ratio for each volume fraction .. .... .... ..... ............ ...... ... 54 
Figure 5.12: Average theoretical heat transfer ratios for each volume fraction . ................ .... 55 
Figure B.1: Heat transfer coefficient vs. Reynolds number prior to correction factor 
for inlet of 24°C ..... ..... ....... ........ ............ ................. ................ ... .. ..... .. ........ .......... 74 
Figure B.2: Heat transfer coefficient vs. Reynolds number prior to correction factor 
for inlet of 32°C ........... ........ .. ..... ....................... .. .. ..... ... ... ..... ................ .... ........ .. .. 74 
Figure B.3: Experimental heat transfer coefficient vs. theoretical heat transfer coefficient 
prior to correction factor ...... .......................... .. ... ................... ........... ........... ..... .... 7 5 
Figure E.1: Data acquisition user interface .............................. .................. .......................... ... 79 
Figure E.2: Labview Program Diagram ........................ ......... ................... ............ .. .... .... ........ 80 
Figure E.3: Labview Sub-program Diagram ............... ....... ..... .. ............... ..... ...... ........... .. .. ... . 81 
Figure E.4: Labview Sub-program Diagram .... ........ ..... ..... ....... .. .... ..... .... ...... ........ ............. ... 82 
Figure E.5: Labview Sub-program Diagram ............. ... ... .............. ... .. ......... ....... ... .... ..... ........ 83 
Figure F.1: Heat Transfer Ratios comparing various factors ........... .......... ....... ............. ....... .. 87 
IX 
LIST OF TABLES 
Table 3.1: Operating Parameters ........................................ ..................................................... 13 
Table 3.2: Nanofluid Removal Schedule ................................................................................ 17 
Table 4.1: Nano fluid Specific Heats ....................................................................................... 30 
Table 4.2: Average heat transfer ratios ................................................................................... 39 
Table 4.3: Pressure drop ratio averages .................................................................................. 43 
Table 5.1: Average theoretical heat transfer ratio ................................................................... 55 
Table A.1: Measured wall temperatures along test section length for pure water .................. 61 
Table A.2: Measured inputs for pure water ........... ................................................................. 62 
Table A.3: Determined values for pure water ........ ................................................................. 63 
Table A.4: Measured wall temperatures along test section length, volume fraction 3% ........ 64 
Table A.5: Measured inputs for volume fraction of 3 % ......................................................... 65 
Table A.6: Determined values for volume fraction of 3% ...................................................... 66 
Table A.7: Measured wall temperatures along test section length, volume fraction 4% ........ 67 
Table A.8: Measured inputs for volume fraction of 4% .......... ............................................... 68 
Table A.9: Determined values for volume fraction of 4% ...................................................... 69 
Table A.I 0: Measured wall temperatures along test section length, volume fraction 5% ...... 70 
Table A.11: Measured inputs for volume fraction of 5% ....................................................... 71 
Table A.12: Determined values for volume fraction of 5% .................................................... 72 
Table C.1: Range and Uncertainty for each independent variable ......................................... 77 
Table F.1: Heat Transfer Ratios for Volume Fraction of 3% ................. : ............................... 84 
Table F.2: Heat Transfer Ratios for Volume Fraction of 4% ................................................. 85 
x 
Table F .3: Heat Transfer Ratios for Volume Fraction of 5% ............................................. .... 86 
XI 
LIST OF NOMENCLATURE 
Cp Specific Heat [kJ/kgK] 
D Diameter [ m] 
E Energy [kJ] 
g Gravity [m/s2] 
h Heat transfer coefficient [W/m2K] 
k Thermal Conductivity [W/mK] 
L Length [m] 
rh Mass Flow Rate [kg/s] 
Nu Nusselt Number 
Pr Prandtl Number 
q" Heat Flux [W/m2] 
Re Reynolds Number 
t Time [s] 
T Temperature [0C] 
v Velocity [mis] 
w Power [Watts] 
x Distance [ m] 
z Height [m] 
Greek Symbols 
a Thermal Diffusivity [m2/s] 
¢ Volume Fraction 
µ Dynamic Viscosity [kg/ms] 
v Kinematic Viscosity [m2/s] 
p Density [kg/m3] 
If/ Shape Factor 
Xll 
Subscripts 
f Fluid 
f d Fully Developed 
h Hydrodynamic 
Internal 
nf Nano fluid 
p Particle 
t Turbulent 
w Wall 
Abbreviations 
EBR Energy Balance Ratio 
xm 
ACKNOWLEDGMENTS 
I would like to thank my major professor, Dr. Michael Pate, who has been a 
tremendous help throughout my research and writing of this study. I would also like thank 
my colleagues for their support during my time here at Iowa State. And of course, I am 
grateful for the love and support I've received from my family. Without them, this would not 
be possible. 
1 
CHAPTER 1. INTRODUCTION 
1.1 Background 
As the concern of the local and national energy usage increases, so does the need to 
find more efficient ways to carry out tasks that require energy. This research was conducted 
in order to ascertain whether the addition of nanoparticles has an effect on the heat transfer 
properties of a fluid, thus increasing its efficiency in a heat exchanger. 
The main concept behind this experiment is that while the fluids used in a heat 
exchange process do have good thermal characteristics, there is still room for improvement. 
One way in which improvements can be accomplished is by the addition of small metallic 
powders that posses thermal characteristics far superior to that of the original fluid. 
An example where this is useful is in secondary refrigeration. Secondary refrigerants, 
such as water and glycols, are found in large refrigeration systems and are used to provide 
the cooling power to the space where it will be used. This reduces the amount of primary 
refrigerant needed, in addition to the pressure losses in the system. The use of nano fluids as a 
secondary refrigerant could increase the efficiency in the refrigeration system, therefore 
requiring less energy to produce the same amount of cooling potential. 
1.2 Objectives 
The primary objective of this experiment was to investigate the effects of aluminum 
oxide nanoparticles on the experimental heat transfer coefficient of a fluid. This value was 
taken for a pure fluid and then compared to nanoparticle mixtures with particle fractions 
ranging from 0 to 5% by volume. 
In addition to the heat transfer coefficient, the pressure drop and friction factor were 
analyzed and compared to those of the pure fluid. 
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1.3 Scope 
The scope of this project was as follows: 
• Construct a test facility in order to perform heat transfer measurements on a 
range of turbulent flow rates. 
• Test water as a reference fluid and compare experimental results to theoretical 
values. 
• Investigate the effects of nanoparticles on the heat transfer performance of a 
nanofluid by varying the particle volume fractions from 0 to 5%. 
• Investigate the effects of nanoparticles on the pressure drop of the fluid. 
1.3.1 Nanoparticles of interest 
Aluminum oxide was determined to be the best available nanoparticle for use in this 
experiment because of its density, thermal conductivity, and the ability of the nanoparticle to 
resist coalescing and precipitation. A metal such as copper would possess better thermal 
properties; however the density is much greater and could cause issues with coalescence and 
inhomogeneous mixtures, and therefore was bypassed as an option. 
1.3.2 Fluids of interest 
The fluid used in this experiment is one that is traditionally used in an in-tube, heat 
transfer analysis. Water was chosen for this experiment since the properties are widely 
known, and are most common for this type of experiment. An additional benefit from the 
selection of water is that there are established thermal conductivity models for aluminum 
oxide particles suspended in water that have been verified by multiple experiments. 
1.3.3 Overview of Study 
Chapter 2 contains the review of previous works of literature pertaining to the area of 
nanoparticle suspensions. First, there is a brief overview of nanofluids, followed by the 
experiments and models developed for the thermal conductivity enhancements of nano fluids. 
This leads into the experiments that have been performed to determine the heat transfer 
enhancements of various mixtures. 
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Chapter 3 presents the details of the experimental setup that was performed for this 
thesis. This includes the description of the apparatus used as well as the experimental 
procedures used to obtain the results. 
The experimental results of the nano fluid experiment are presented in Chapter 4. This 
chapter highlights the results from the pure water heat transfer test, nanofluid property test, 
and nanofluid heat transfer tests. The experimental results are compared to the theoretical 
values for the corresponding water values obtained through use of the Dittus-Boelter 
equation. 
Chapter 5 compares the experimental results to theoretical results obtained from 
previously developed nanofluid models. The way that the experimental results will be 
compared to the theoretical models is by comparing heat transfer coefficient values. 
Chapter 6 presents the conclusions made regarding the · experimental results obtained. 
This is followed by the recommendations for future experiments ·in Chapter 7. 
1.4 Terminology 
Different concentrations of nanoparticles within the base fluids are presented by the 
use of volume fractions in this document. This term refers to the volume of nanoparticle 
divided by the total nanofluid volume for each mixture. The volume of the nanoparticles is 
determined based on the true density of the metal-oxide dispersed, not the bulk density of the 
nanoparticles. 
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CHAPTER 2. LITERATURE REVIEW 
This chapter outlines the research that has been done to date in the field of nano fluids. 
It starts with an overview of the concepts of nanofluids. Next, the work performed to analyze 
the enhancements of thermal conductivity on the base fluid is presented. Finally, the 
experiments that investigated the effects of nanoparticles on the convective heat transfer 
coeffiecent are outlined. 
2.1 Overview 
The idea of adding solids to a base liquid to obtain a suspension that enhances its 
thermal properties has been around for some time. Both Liu et al. (1988) and Ahuja (1975) 
investigated the effects of volumetric fractions and particle size on the heat transfer and 
pressure drop of the suspension. The suspended particles ranged from micrometers to 
millimeters in diameter. The large size of these particles led to problems of clogging, erosion 
of piping, settling of coalesced particles, and significant pressure drops. Even though these 
suspensions possessed enhanced thermal properties, their negative impacts outweighed the 
positives, and improvements were necessary in order to have a fluid that could be used in real 
applications. 
It was found that by moving to smaller particles, the increased surface area of the 
nanoparticles led to larger opportunities for heat transfer to occur, as well as a reduction in 
the problems previously seen with micrometer and millimeter sized particles. Research was 
then performed to investigate the stability and thermal effects when these particles were 
added to a fluid. This new type of fluid, which contained suspended nanoparticles in a 
homogeneous mixture, was coined "nanofluid" by Choi (1995). 
2.2 Enhancements of Thermal Conductivity 
Masuda et al (1993), Wang et al. (1999), Lee et al (1999), and Xuan and Li (2000) 
determined that by suspending nanoparticles in heating or cooling fluids, the heat transfer 
performance of the fluid can be drastically improved. The primary reasons for this are as 
follows (Xuan and Li, 2000): 
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1. The suspended nanoparticles increase the surface area and the heat capacity of 
the fluid. 
2. The suspended nanoparticles mcrease the effective (or apparent) thermal 
conductivity of the fluid. 
3. The interaction and collision among particles, fluid and the flow passage 
surface are intensified. 
4. The mixing fluctuation and turbulence of the fluid are intensified. 
Masuda et al (1993) investigated the potential of increasing the thermal physical 
properties of a fluid by dispersing metallic-oxide particles. They found that the effective 
thermal conductivity of the mixtures of liquids and submicron metallic-oxide particles 
increased significantly from that of the liquid alone. Particles used were 13 nanometers in 
diameter, and volume fractions of 3% and 4.3% yielded an increase in thermal conductivity 
of20% and 32%, respectively. 
Wang et al (1999) experimentally determined the thermal conductivity of multiple 
nanoparticle mixtures. The particles used in the experiment were aluminum oxide and copper 
oxide, which were dispersed in water, vacuum pump fluid, engine oil, and ethylene glycol. 
The diameters of the particles used were 28 nanometers for aluminum oxide and 23 
nanometers for copper oxide. The volume fraction range varied for each nanoparticle 
mixture. For example, the mixtures varied in volume fraction from zero to 5.5% for the 
aluminum oxide in water mixture and reached values as high as 14.7% for the ethylene 
glycol-copper oxide mixture. 
Experimental results showed that the thermal conductivities of nanoparticle-fluid 
mixtures were higher than those of the base fluids. Using various theoretical models for the 
effective thermal conductivity of a mixture established by Maxwell, Jeffrey, Davis, and Lu 
and Lin, they demonstrated that the predicted thermal conductivities of nanoparticle- fluid 
mixtures are much lower than the experimental values, indicating an insufficiency in the 
existing models when used for nanoparticle- fluid mixtures. The models used are accurate 
when used to predict thermal conductivities of a particle-fluid mixture if the particles are 
larger than tens of micrometers. However, Wang et al believes that the microscopic motion 
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and particle structure are an important variable, and they recommended that future models 
include these parameters. 
Lee et al. (1999) experimentally determined the thermal conductivity of four 
nanoparticle mixtures. The particles used were aluminum oxide and copper oxide, which 
were dispersed in both water and ethylene glycol. The aluminum oxide particles were 38.4 
nanometers in diameter, while the copper oxide particles were 23.6 nanometers. The volume 
fraction of the water-aluminum oxide mixture range was from zero to 4.3%. The thermal 
conductivity of this mixture experienced an increase of about 10% above that of the base 
fluid. These experimental values were found to be close to the predicted values of the 
Hamilton-Crosser model for spherical particles. The experimental results for the water-
aluminum oxide mixture were also compared with the values measured by Masuda et al. 
(1993) for the same mixture. The Masuda values were higher than both the model of 
Hamilton-Crosser and the experimental results. This inconsistency was credited to the 
difference in particle size, as well as a lack of effort to continuously keep the agglomerations 
broken up. 
Xuan and Li (2000) investigated the thermal conductivity of two different 
nanoparticle mixtures. The particles were copper, which were dispersed in both water and 
transformer oil. The particles used were about 100 nanometers in diameter. The volume 
fraction of water-copper mixture ranged from 2.5% to 7.5%. The ratio of the thermal 
conductivity of the nano fluid to that of the base liquid varied from 1.24 to 1. 78 for this range 
of volume fraction. 
Recently, more effective models for nanofluid thermal conductivity have been 
developed by these same researchers. Xuan et al. (2003) developed a theoretical model that 
predicted nanofluid thermal conductivity and compared this model with experimental results. 
The model was used on two water-Cu nanoparticle mixtures. The first mixture had a volume 
fraction ranging from 1 % to 3% copper particles where the particles had a diameter of 20 
nanometers. The second mixture had a volume fraction ranging from 1 % to 4% copper 
particles where the particles had a diameter of 100 nanometers. It was determined that three 
different effects could predict the thermal conductivity. The first effect was the changes seen 
in energy transport through the nanofluids as compared to the fluid alone. The second effect 
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examined the interfacial interactions between the fluid and the nanoparticles. Lastly, the third 
effect was looking at the random motion of nanoparticles and their tendency to accumulate 
when collision occurs. Results show that when the theoretical equation accounts for the 
accumulation of nanoparticles, the model and experimental values are closer. Data that 
diverts from this the most occurs when the volume fraction was 3% with a particle diameter 
of 20 nanometers. At this particular point, the thermal conductivity obtained by the model 
over-predicts the experimental value by 5.8%. In contrast, when the accumulation of particles 
is not accounted for, then for this data point the model predicts thermal conductivity values 
greater than those obtained through experimentation by 19%. 
In addition to Xuan's model, Wang et al (2003) developed a method to approximate 
the thermal conductivity of a nanofluid and compared this to experimental data. The model 
was developed for a deionized water-CuO nanoparticle mixture with low volume fractions. 
The volume fractions ranged from 0 to 0.6% with particle diameters of 50 nanometers. First, 
a new calculation for effective thermal conductivity of the particle was developed using 
fractal analysis, which accounts for particle size effects and surface absorption on the thermal 
conductivity of the particles. This effective thermal conductivity can replace the actual 
particle thermal conductivity in a two phase model. When companng this model to 
experimental values, it was found to underestimate the experimental value by up to 6.8% at 
volume fraction of 0.1 %. This trend was seen up to a volume fraction of 0.5%. From this 
fraction and above, there was an overestimation of the thermal conductivity. 
2.3 Enhancements in Heat Transfer Coefficient 
This section focuses on the work that has been done regarding both theoretical and 
experimental results for convective heat transfer and pressure drop in plain-tubes, with 
turbulent flow. 
2.3.1 Experiments Using Various Nanofluids 
Xuan and Roetzel (2000) derived a convective heat transfer correlation based on both 
a conventional and fluid-mixture approach. The model is based on the assumption that the 
enhancement in heat transfer is due to the presence of nanoparticles and the thermal 
8 
dispersion in the fluid, as well as the assumption that the nanofluid behaves like a fluid rather 
than a conventional solid-fluid mixture. The Nusselt number correlation that they presented 
is a function of Reynolds number, Prandtl number, dimension and shape of particles, and 
flow structure. 
More recently, Xuan and Li (2003) investigated convective heat transfer and flow 
features of a nanofluid containing copper particles. After performing their experiment, they 
developed a Nusselt number correlation for turbulent, single-phase flow and compared this 
with experimental data. The model was developed specifically for a water-Cu nanoparticle 
mixture with a volume fraction ranging from 0 to 2% with particle diameters less than 100 
nanometers and a Reynolds number ranging from 10,000 to 22,500. Results showed that the 
Dittus-Boelter equation under predicts the Nusselt number by as much as 30% at a Reynolds 
number of 17,600 and a 2% volume fraction. The equation developed for the Nusselt number 
uses experimental values for thermal conductivity and viscosity. During their experiment, the 
pressure drop through the test section was measured and it was found that the friction factors 
at different Reynolds numbers were equal to water alone when the volume fraction was less 
than 2%. 
2.3.2 Experiments Using Aluminum Oxide in Water 
Since many of the results vary with the particles used and the fluid in which they are 
dispersed, it is necessary to look at the previous results performed on the particular nano fluid 
of interest to this study, namely aluminum oxide dispersed in water. This section presents the 
experimental results. 
As stated earlier in section 2.2, there has been a fair amount research done on the 
thermal conductivity of various nano fluids, including aluminum oxide mixtures. Conversely, 
there have not been many experiments involving this fluid in a practical heat transfer 
situation. 
The first experiment performed with these parameters was done by Pak and Cho 
(1998). They investigated the heat transfer enhancements of water-aluminum oxide 
nano fluids with a volume fraction ranging from zero to 10% and particle diameters of 13 
nanometers. The viscosities of the nanofluids were found experimentally and compared to 
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the theoretical values. It was found that the relative viscosities were much larger than those 
predicted and reached values as high as 200 times greater than the base fluid at a volume 
fraction of 10%. 
Using thermal conductivities found by Medusa (1993) and calculating the specific 
heat on a volumetric basis, Pak and Cho were able to calculate the Nusselt number, Reynolds 
number, Darcy friction factor, and Prandtl number. It was found that the Nusselt number for 
the dispersed fluids increased with increasing volume fractions as well as Reynolds number. 
Pak and Cho found that at a volume fraction of 1.34% led to a heat transfer coefficient that 
was 45% than water, while a volume fraction of 2.78% gave a value that was 75 percent 
larger. However, it was also seen that the convective heat transfer coefficient of the dispersed 
fluid was 12% smaller than that of pure water when compared under the condition of 
constant average velocity. Along these same lines, the increased viscosity of the dispersed 
fluid led to an additional pumping penalty. 
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CHAPTER 3. EXPERIMENTAL SETUP 
The first section of this chapter will describe the selection and layout of all of the 
components of the apparatus. The second half describes the experimental procedure used 
throughout the data taking process. 
3.1 Apparatus 
An apparatus was constructed to study convective heat transfer in a plain, horizontal 
tube with turbulent flow. The apparatus consists of several major components, including the 
test section, flow meter, heat exchanger, pump, and data acquisition system. A schematic 
drawing of the apparatus can be seen in Figure 3 .1. 
3.1.1 Test Section 
The test section was constructed by using a copper tube with an inside diameter of 3/8 
inch and 8 feet in length. Thermocouples were soldered to the outer walls of the test section 
at one-foot intervals. Thermocouples were inserted into both ends of the test section, 
allowing 6 inches of the thermocouple exposed to the fluid in order to measure the inlet and 
outlet fluid temperatures. At both ends of the test section, pressure taps were installed and 
connected to a differential pressure transducer. The test section was wrapped with 4 electrical 
resistance heaters. Three of these heaters had a capacity of 627 watts, and one had a capacity 
of 313 watts, producing a total capacity of 2194 watts. The heaters were wrapped around the 
copper tube so as to evenly cover the entire test section. Fiberglass insulation was placed 
around the test section containing the copper tube and heater in order to reduce the heat loss 
to the surroundings. A schematic of the test section is presented in Figure 3 .2. 
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Figure 3.2: Top View of Apparatus Test Section. 
When choosing a flow meter, the most desirable aspect was a low resistance to the 
flow. The meter chosen utilizes the Coriolis principle to provide its measurement, and such 
there are no moving parts, and the pressure drop in the meter is minimized. The flow meter 
was connected to an interface and from there an output was sent to the computer by a 4-20 
rnA signal. The interface allowed the user to program the desired outputs. For this 
experiment, only the mass flow rate was desired. 
3.1.3 Heat Exchanger 
A tube-in-tube, counterflow heat exchanger was constructed to remove heat from the 
system. The outer tube of the heat exchanger was constructed with 1.5 inch outside diameter 
(OD) copper tubing, while the inner tube was made with 0.875 inch OD copper tubing. The 
length of the heat exchanger is 5.5 feet. 
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3.1.4 Pump 
The pump selected is a 1/15 hp centrifugal pump. This pump was chosen because it is 
designed for low volumetric flow operations, which is present in this system. The housing of 
this pump is made out of plastic, which is compatible with the fluids used in this experiment. 
Another desirable feature possessed by this pump is that there is little heat added to the fluid. 
This pump allows the user to obtain flows in the turbulent region, while still maintaining a 
desirable temperature range at the exit of the pump. 
3.1.5 Data Acquisition 
The data acquisition system consisted of 2 DAQ cards, which were connected to a 
personal computer. The program used to acquire the data was written in LABVIEW. This 
data acquisition program controlled the rate in which the data was taken. For this 
experiment, data was sampled every second from each input. The inputs consisted of the 
following: 2 watt transducers, 1 mass flow meter, 1 differential pressure transducer, and 12 
thermocouples. The data acquisition program allowed the user to save this data to a file for 
later analysis. 
3.2 Experimental Procedures 
3.2.1 Operating Parameters 
Several parameter ranges were fixed during rig operation. This section will discuss 
these parameters which include the change in temperature from inlet to outlet, the Reynolds 
number, the heat flux, and the operating fluid temperature range. Table 3.1 displays the range 
of these parameters. 
Table 3.1: Operating Parameters. 
Lff Reynolds 
Parameter De c Number 
Minimum 1.4 4,100 
Maximum 1.6 15,000 
Heat 
Flux Tinlet 
De C 
24 
32 
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The temperature difference between the inlet and outlet of the test section (~ T) was 
set at 1.S0C. This was allowed to vary ± 0.1°C during steady-state conditions. The value of 
l .S°C was used for the ~ T because lowering this value increases the uncertainty in the heat 
transfer coefficient. Also, raising this value leads to a wide temperature range for the internal 
fluid, which decreases the accuracy in fluid properties. 
Another parameter that was set prior to taking data was the required Reynolds 
number. The desired flow regime for this experiment is turbulent, thus the Reynolds number 
needed to be greater than 4,100. The Reynolds number range for testing was 4,100 to lS,000. 
A corresponding mass flow rate was then calculated for this range of constraints using 
Equation 3 .1. 
(3 .1) 
Another operating limitation for this system was the amount of energy produced by 
the electrical resistance heaters. As stated earlier, the total capacity of these coils were 2194 
watts, however, the maximum heat transfer to the test section was determined to be SSO watts 
based on both the maintainable flow for this system as well as the maximum allowable power 
output from the variable AC power supply . It was also seen that thermocouples experienced 
large error when the power input exceeded this value. 
One last parameter that was determined was the operating fluid temperature range. In 
order to assure that this experiment was valid for a variety of temperatures, there was some 
variability desired in the temperature range. The two test section inlet temperatures were 
selected to be 24°C and 32°C. This allowed for a range of temperatures while still 
maintaining a relatively low number of variables. 
3.2.2 Preparation of N anofluids 
Creating a nanoparticle solution that remained stable for a desired amount of time 
provided multiple issues to overcome. The largest problem encountered was that the 
suspension needed to be completely mixed and homogenous throughout, and remain this way 
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for the entirety of the experiment. This is difficult when dealing with particles that are 100 
nanometers in diameter. Without the use of professional equipment, the particles coalesce 
and then either create areas of high thermal conductivity within the mixture, or settle out of 
the mixture completely. 
After weighing the options available, it was determined that the best decision was to 
purchase the nanoparticles already suspended in water. A 2. 7 liter solution of aluminum 
oxide in water with a volume fraction of 5% was purchased from a company that specializes 
in nanoparticles and nanoparticle solutions. This amount of mixture was tested in the 
apparatus at its current volume fraction, and then section 3.2.4 will describe how the solution 
was diluted with water to achieve the remaining volume fractions. 
Prior to testing the nanofluids, a visual test was performed to assure that the mixture 
resisted coalescence. This test was performed by placing 200 mL of the nanofluid in a glass 
beaker for 12 hours, after which the solution was observed to determine if particles had fallen 
out of the mixture. After observing the mixture it was found that no significant precipitation 
had occurred, and that the mixture was stable. It was also determined that the pump in the 
apparatus would only contribute to the mixing of the solution, creating an even more stable 
mixture. 
3.2.3 General Rig Operation 
Before filling the system with the desired operating fluid, the system was completely 
drained of the previous fluid. This was accomplished by naturally allowing the fluid to drain 
into a receptacle, and then forcing the remaining fluids out with compressed air. Then the 
system was flushed thoroughly with water. 
Next, the 2.5 liters of the fluid was poured into the reservoir, which is elevated above 
the entire rig. The fluid was allowed to drain into the apparatus while air was able to escape 
through the release valves. Once the contents had drained into the rig, the pump was started 
and any excess air was allowed to escape through the release valves. The sight section 
downstream of the pump was used to monitor the fluid until all air was purged from the 
system. 
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When it was visually determined that all of the air has been removed from the system, 
the rig was ready for testing. First, the flow was set to the desired rate by adjusting the gate 
valve at the outlet of the pump. Next, the flow through the heat exchanger is initialized so 
that the heater coil will not overheat and cause damage to the test section. Then, the heater 
was turned on and the input wattage was adjusted in order to achieve the /1 T of l .5°C across 
the test section. After the desired power input was found, the flow of the heat exchanger was 
adjusted to attain the preferred inlet temperature to the test section, which was monitored on 
the data acquisition system. After these adjustments had been made to the system, it was 
allowed to reach constant temperatures, indicating the system was at steady state. The 
software has the ability to display the individual temperature readings onscreen while the 
data is being taken and this allows the user to decipher when the system has reached its 
steady state. 
Once the system was at steady state, the user started testing and collected data for at 
least 10 minutes of continuous measurements. This allows for a minimum of 600 data points 
to be used as an average in the analysis. 
After one run of data was taken, the operator readjusted the flow to the desired rate 
and repeated the remaining steps of the procedure. This procedure was repeated until all 
desired flows and inlet temperatures were acquired. After testing, the equipment was run 
with the heater off in order to allow the system to reach room temperature. 
3.2.4 Adjusting the Volume Fraction of the Nanofluid 
After testing the nanofluid at 5%, a predetermined amount of the fluid was drained 
from the system and replaced with pure water. Table 3.2 displays the amount of fluid drained 
for each of the volume fractions . From this drained amount, a sample of 0.2 liters was 
collected for processing of the fluid properties. Once the appropriate amount of nanofluid 
was drained, the same amount of pure water was added to the reservoir and the system was 
allowed to circulate this new volume fraction for an hour in order to achieve thorough 
mixmg. 
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Table 3.2: Nanofluid Removal Schedule. 
Volume 
Fraction Amount to be 
(%) Removed (L) 
5 0.5 
4 0.625 
3 N/A 
3.2.5 Nanofluid Property Test 
Once the nanofluids were collected at each of the volume fractions, testing of the 
density and viscosity were performed. These results were later compared to the theoretical 
models. Testing included pure water in order to assure the equipment was in working order. 
This also allows for a ratio of both density and viscosity to be used in relationship to that of 
the base fluid. 
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CHAPTER4. EXPERIMENTAL RESULTS 
In this chapter the results from the pure water heat transfer test, nanofluid property 
test, and nanofluid heat transfer tests are presented. The experimental heat transfer coefficient 
results for water are presented and compared to the theoretical values obtained from 
previously established models. Next, the nanofluids are analyzed and their respective 
experimental heat transfer coefficients are compared to these same theoretical water values. 
4.1 Data Reduction 
This section outlines the equations used in determining the heat transfer coefficient, 
starting with the initial input data from the test apparatus. 
4.1.1 Governing Equation 
The equation of concern for finding the heat transfer coefficient experimentally is 
found as the following: 
(4.1) 
4.1.2 Establishing Temperatures 
The first item of concern was to establish an average wall and fluid temperatures to 
use in equation 4.1. An example of a case where this is used is the water data set with an inlet 
fluid temperature of 32.3°C and an exit fluid temperature of 33.8°C. To find the fluid 
temperature used in the equation, a simple average of the two values is taken, which gives a 
value of 33.0°C. 
Next, to find the wall temperature to use in the previous equation, the average was 
taken of all 7 wall temperatures for the particular run. These values are plotted in Figure 4.1, 
and the average from these values was found to be 34.2°C. 
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Figure 4.1: Sample Temperature Plot of Water Data. 
4.1.3 Calculating Heat Input 
• WallTemps 
- l<- ·Fluid Temps 
The heat flux into the system was found by using the following equation, which is 
simply a function of internal surface area and the power input: 
q" = qheater 
;rD;L 
(4.2) 
For this particular example, the heat was outputting 345 watts, and with an internal diameter 
of0.375 inches, the corresponding heat flux is equal to 4731 W/m2. 
4.1.4 Correction Factor 
A correction factor needed to be established due to larger errors for the temperature 
difference between the wall temperature and the fluid temperature at higher watts. After 
some testing, it was determined that the cause for these errors was that the thermocouples 
were registering values higher than expected at high wattages due to their proximity to the 
heater. The details of this correction factor are outlined in Appendix B. 
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In order to correct the variation, the values obtained for the difference in temperature 
between the wall and fluid were compared to those expected using the Dittus-Boelter 
equation. This difference was then plotted against the input wattage and a linear equation was 
established. The equation that was found is the following: 
(Tw -Tf )corrected = Tw -Tf -0.0027(qheater) + 0.918 (4.3) 
It is with these (Tw -T1 )corrected values that the experimental results are calculated. 
4.2 Pure Water Results 
4.2.1 Energy Balance 
An energy balance for the system can be derived starting with the First Law of 
Thermodynamics. This derivation is shown in Equations 4.4-4.6. 
dE . . ( v2 ) ( v2 ) 
-=Q-W +m h+-+gz -m h+-+gz -loss 
dt 2 . 2 . 
in out 
(4.4) 
Since the system is at steady state, has no work term, and kinetic and potential energy 
changes can be assumed negligible, Equation 4.4 reduces to the following: 
Q = m ( hout - hin )- loss (4.5) 
Substituting in the specific heat of the fluid, which is equal to (dh/dT) at a constant pressure, 
the equation becomes the following: 
(4.6) 
Now, to determine the size of energy loss in this particular system due to heat losses 
to the environment, a ratio can be found. This energy balance ratio, EBR, can be defined as: 
mCP(T,,ut -J;J EBR=-----
qheater 
(4.7) 
Figure 4.2 displays the energy balance ratio that was found by measuring the inlet and 
outlet temperatures of the test section, the flow rate through this section, as well as the input 
wattage into the heater. It can be seen that the energy balance is within about± 6 % of unity. 
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Figure 4.2: Energy Balance Ratio of the apparatus vs. electric heat input. 
4.2.2 Heat Transfer Coefficient 
Once it was determined that the amount of heat leaving the heater was efficiently 
being delivered to the fluid, the heat transfer coefficient could be determined by equation 4.8. 
q" h =-"----
Tw - Tf 
(4.8) 
Figure 4.3 shows experimental heat transfer coefficients as a function of the Reynolds 
number for a test fluid with an inlet temperature of 24°C. In this case, it is seen that the 
values obtained follow the trends established by the Dittus-Boelter equation, which is 
represented in Equation 4.9. In order to obtain the heat transfer coefficient from the Dittus-
Boelter equation, Equation 4.10 is used to relate the Nusselt number to the heat transfer 
coefficient. For this situation, the Dittus-Boelter equation predicts the experimental data to 
within 18%. 
Nu = 0.023 Re0·8 Pr113 (4.9) 
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7000 
6000 
• 
• 
5000 
52' 4000 
'E 
~ • 
.:::. 3000 
2000 
• Trial 1 
1000 • Trial 2 
- Dittus-Boelter 
O-+-~~~~~~~~~~~~~~~~~~~~~~~--< 
7000 8000 9000 10000 11000 12000 13000 14000 
Reynolds Number 
Figure 4.3: Heat transfer coefficient vs. Reynolds number for inlet temperature of 24°C. 
Figure 4.4 displays the heat transfer coefficient in relationship to the Reynolds number for 
the case of an inlet temperature of 32°C. Again, it is seen that the values achieved follow the 
trend of the Dittus-Boelter, which predicts the experimental data within 14%. 
Both Figures 4.3 and 4.4 demonstrate the repeatability of the system. Trial 1 and Trail 
2 represent repeated inlet temperatures, flow rates, and heat inputs, varying at a maximum of 
10 percent. The maximum percent difference between heat transfer coefficients was 20%, 
with the average difference between repeated data points being about 11 %. 
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Figure 4.4: Heat transfer coefficient vs. Reynolds number for inlet temperature of 32°C. 
Another graphical representation of the difference in heat transfer coefficients are 
displayed in Figure 4.5. In this case the experimental heat transfer coefficients are plotted 
versus the theoretical values from the Dittus-Boelter equation. On this graph, the solid line 
represents the case where the values are equal to each other, while the dashed lines represent 
error of ±20%. It can be seen that all of the values lie between these two dashed lines 
indicating that there is no error greater than 20%, with the majority falling within 10% of the 
theoretical values. 
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4.2.3 Nusselt Number 
Another method in comparing the experimental to theoretical values is to plot the 
Nusselt number of both. In this case, Equation 4.9 is used directly for the Dittus-Boelter 
values, with the experimental values being found from equations 4.8 and 4.10. Figure 4.6 
plots the Nusselt numbers for the case with the inlet temperature of 24°C. As expected, this 
figure looks similar to Figure 4.3. 
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Figure 4.6: Nusselt number vs. Reynolds number for inlet temperature of 24°C. 
Next, the same equations are applied to the case with an inlet temperature of 32°C. 
Figure 4. 7 displays the Nusselt number plotted against the Reynolds number for this case. 
The data for Figures 4.6 and 4.7 are in agreement with the predicted values found by the 
Dittus-Boelter equation, having differing values of no more than 20% between repeated data 
points. These results are similar to those shown in Figures 4.3 and 4.4. 
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4.2.4 Pressure Drop 
The pressure drop across the test section was found using a differential pressure 
transducer. This pressure drop is plotted in Figure 4.8 and it can be seen that for both of the 
inlet temperature cases, the increasing Reynolds number leads to an increase in pressure drop 
for the test section. In both situations the pressure drop has a low around 0.5 psi and 
increases at a rate of about 0.04 psi per 1000 Reynolds numbers until it reaches its high 
around 0.68 psi. 
It is known that as the temperature increases, there is an increase in viscosity. This 
graph shows that this increase in viscosity does change the Reynolds number of the fluid, but 
the corresponding pressure drop is not affected. Therefore, at similar mass flow rates, the 
pressure drop through the test section is equal for both inlet temperatures, indicating that the 
pressure drop is a strong function of mass flow rate and not viscosity. 
27 
4.3 N anofluid Results 
In this section the nanofluid properties, heat transfer performance, and pressure drop 
of the nanofluids are analyzed. These results will be compared to the theoretical values for 
water over the same range of Reynolds number. 
In order to determine the Reynolds numbers for the nanofluid, the properties of the 
nanofluid needs to be known, which was accomplished by measuring both the density and 
kinematic viscosity of the nano fluid. 
4.3.1 Density Measurements 
The densities of the nanofluids were measured by finding the mass and volume of a 
given sample. Each volume fraction was weighed three times and an average mass was found 
for each. The repeatability for this data was found to be accurate. The range of data for each 
density was within ± 0.5%. 
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For all samples, the volume remained a constant of 50 milliliters and was measured at 
24°C. Figure 4.9 displays the results of the density measurements. As can be expected, the 
density displays linearly increasing values with increasing volume fraction of nanoparticles. 
The theoretical values for the density of the nanofluid were calculated using the 
following equation, which represents ideal mixing: 
(4.11) 
where, </J represents the volume fraction of the nano fluid. 
Figure 4.9 displays both the theoretical and experimental data plotted versus the 
volume fraction of the nanofluids. This graph shows a strong agreement between the 
experimental and theoretical values, having a maximum error of less than 3%. 
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Figure 4.9: Density vs. volume fraction for nanofluid solutions. 
4.3.2 Viscosity Measurements 
As stated before, the viscosity is also needed to determine the Reynold' s number of 
the nanofluids. The kinematic viscosities of the nanofluids were measured at each of the 
volume fractions, including zero, by the use of a capillary tube viscometer at 24°C. Once 
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these values were known, they were multiplied by the density of the substance in order to 
obtain the dynamic viscosity. Figure 4.10 displays the ratio of each dynamic viscosity to that 
of the pure water. The chart shows that viscosity increases linearly with volume fraction. 
Two different approaches were used to determine the theoretical viscosity, which 
could then be compared to the experimental results. First, the Brinkman (1952) model, found 
in Equation 4.12, was used to find the effective viscosity of the solution, and then the 
nanofluid-to-water ratio was calculated. 
1 
µnf = µf (1-¢)2.5 
The second method used the Batchelor (1977) equation, Equation 4.13. 
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Figure 4.10: Dynamic viscosity ratio vs. volume fraction for nanofluid solutions. 
(4.12) 
(4.13) 
This figure shows that the Brinkman and Batchelor models produce the same results, 
but they do not accurately predict the experimental value. It was found that the previous 
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results more accurately represent the viscosity values than the theoretical model. Since no 
accurate model currently exists, the experimental values will be used the nanofluid thermal 
models for Chapter 5. 
4.3.3 Specific Heat 
Once testing of the nanofluid was completed, the specific heats of each of the volume 
fractions were able to be calculated. Equations 4.14 and 4.15 show how this calculation was 
performed. Assuming there is no loss in the general energy balance equation, presented in 
Equation 4.6, the following equation can be found: 
(4.14) 
rearranging this equation, gives the experimental specific heat in the following equation: 
C = qheater 
p m(J;,ut - T;n) (4.15) 
The theoretical value of specific heat of a mixture can be found using the following 
equation: 
(4.16) 
Table 4.1 displays the theoretical values for specific heat and compares them to the 
averages found for each of the inlet temperature cases. It was found that the values obtained 
at the higher temperatures led to slightly higher specific heat values. All of these values were 
close to the predicted values, with the largest deviation of 3% occurring at the 5% volume 
fraction. 
Table 4.1: Nanofluid Specific Heats. 
Volume Theoretical 24 Deg C 32 Deg C 
Fraction (kJ/kQK) (kJ/kQK) (kJ/kQK) 
0.03 4.08 4.06 4.16 
0.04 4.05 3.98 3.98 
0.05 4.01 3.90 3.93 
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4.3.4 Heat Tran sf er Coefficient 
The experimental heat transfer coefficients for the nanofluids were measured using 
the same procedure described previously for the pure water experiment. This section also 
uses the same method to calculate the theoretical value. Figures 4.12, 4.13, and 4.14 show 
experimental heat transfer coefficients plotted as a function of Reynolds numbers for volume 
fractions of 3%, 4%, and 5%, respectively, at an inlet temperature of24°C. 
It can be seen in Figure 4.12 that all of the experimental values for the nanofluid at a 
volume fraction of 3% are greater than the theoretical values for water, at the same Reynolds 
number. These heat transfer coefficient values range from 3% to 13% higher, with an average 
of about 7%. The average difference between the repeated data points was about 7% with the 
largest variance being about 9%. 
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Figure 4.12: Heat transfer coefficient vs. Reynolds number for inlet temperature of 
24°C and volume fraction of 3%. 
In the case with the volume fraction of 4%, it can be seen in Figure 4.13 that there is 
an even greater difference of about 7% as compared to the 3% mixturt'.. The heat transfer 
coefficient values range from 3% to 24.5% higher than the theoretical values, with an 
average of about 15%. The average difference between the repeated data points was about 
6% with the largest variance being about 20%. 
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Figure 4.13: Heat transfer coefficient vs. Reynolds number for inlet temperature of 
24°C and volume fraction of 4%. 
As for the 5% solution, Figure 4.14 demonstrates that this higher volume fraction 
actually reduces heat transfer enhancement when compared to either the 3% or 4% solutions. 
It still has a heat transfer coefficient that is greater by an average of about 4%, but this is less 
than either of the other two volume fractions. It is possible that this lower value is due to a 
maximum value reached between the 4% and 5% volume fractions. The heat transfer 
coefficients range from zero to about 9% higher than the theoretical values. The average 
difference between the repeated data points was about 5% with the largest variance being 
about 8%. 
All of these previous heat transfer coefficients are combined to make Figure 4.15. As 
this shows, the best enhancement is produced using the 4% volume fraction. Both of the 
other volume fractions make slight improvements, but not to the extent seen with the 4% 
mixture. 
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Figure 4.14: Heat transfer coefficient vs. Reynolds number for inlet temperature of 
24°C and volume fraction of 5%. 
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Figure 4.15: Heat transfer coefficient vs. Reynolds number for inlet temperature of 24°C. 
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The next set of figures are for the results obtained for the cases with the inlet 
temperature of 32°C. It can be seen in Figure 4.16 that all of the experimental values for the 
nanofluid with a volume fraction of 3% are again greater than the theoretical values for 
water, given the same Reynolds number. These heat transfer coefficient values range from 
I 0% to 24% greater, with an average of about 17%. 
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Figure 4.16: Heat transfer coefficient vs. Reynolds number for inlet temperature of 
32°C and volume fraction of 3%. 
In the case with the volume fraction of 4%, it can be seen in Figure 4.17 that there is an even 
larger difference as compared to the 3% mixture. The heat transfer values range from 14% to 
25.5% greater, with an average of about 19%, which is greater than that seen in the 24°C 
case. The average difference between the repeated data points was about 4% with the largest 
variance being about 6%. 
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Figure 4.17: Heat transfer coefficient vs. Reynolds number for inlet temperature of 
32°C and volume fraction of 4%. 
As for the 5% volume fraction, Figure 4.18 demonstrates that this higher volume 
fraction once again actually lessens its heat transfer coefficient when compared to either the 
3% or 4% solutions. It still enhances the heat transfer by an average of about 12%, but this is 
less than either of the other two volume fractions. The heat transfer coefficients range from 
4% to about 18% greater than the theoretical values. The average difference between the 
repeated data points was about 3% with the largest variance being about 9%. 
Figure 4.19 displays the compilation of the previous three figures, and it is seen that 
the experimental nanofluid heat transfer coefficients are all greater than that displayed by 
water for the same Reynolds number. It can also be observed that there is a larger 
enhancement seen at this temperature than at the 24°C case. 
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Figure 4.18: Heat transfer coefficient vs. Reynolds number for inlet temperature of 
32°C and volume fraction of 5%. 
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Figure 4.19: Heat transfer coefficient vs. Reynolds number for inlet temperature of 32°C. 
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With the heat transfer coefficients calculated, it is possible to calculate a ratio that 
compares the experimental values at each volume fraction to the theoretical value of water 
for the same conditions. This heat transfer ratio is the experimental heat transfer coefficient 
of the nanofluid divided by the heat transfer coefficient found by the Dittus-Boelter equation 
for water at the same Reynolds number. Figure 4.20 displays this ratio for each of the volume 
fractions. It is found that the values increase until the 4% volume fraction, after which there 
is a decline. 
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Figure 4.20: Heat transfer ratio vs. volume fraction for nanofluid solutions. 
Table 4.2 displays the average heat transfer ratio at each of the inlet temperature 
cases. It is seen that the 32°C case yields a higher ratio than the 24°C case. The ratio reaches 
a high of about a 20% increase in heat transfer coefficient at an inlet temperature of 32°C and 
a volume fraction of 4%. 
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Table 4.2: Average heat transfer ratios. 
24Deg 32 Deg 
Volume c c 
Fraction 
0.00 1.00 1.00 
0.03 1.08 1.17 
0.04 1.15 1.19 
0.05 1.04 1.12 
Figure 4.21 displays the results shown in Table 4.2. Here it can be seen that the 
enhancement of the heat transfer coefficient is greater at the 32°C inlet temperature, with an 
average of about 7% higher than the 24°C inlet temperature. 
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Figure 4.21: Average heat transfer ratios vs. volume fraction for nanofluid solutions. 
It should be noted that when comparing the heat transfer coefficient enhancements to 
previous studies, such as Pak and Cho who obtained enhancements up to 75%, the increase in 
heat transfer coefficients in the study reported herein is significantly less due to the relatively 
large particle sizes of 100 nanometers, compared to 13 nanometers for Pak and Cho. In 
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addition, the heat transfer coefficients for nanofluids and water have been compared herein at 
the same Reynolds number, which is tJ.:i.e proper approach for comparing the fluids. However, 
Appendix F compares nanofluids and water at the same mass flow rate and velocity. When 
compared using this approach, the nanofluid heat transfer coefficients varied from 9 to 27% 
lower compared to water for both the same mass flow rate and velocity comparison. 
4.3.5 Pressure Drop 
Figures 4.22 and 4.23 display the pressure drops for all of the mixtures with inlet 
temperatures of 24°C and 32°C, respectively. Figure 4.22 shows that for the same Reynolds 
number, the pressure drop experienced by the nanofluids is between 0.1 and 0.2 psi higher 
than the water values. This is an increase in pressure drop of about 35%. The pressure drop 
trends for the nanofluids are similar to the water data, increasing linearly with the Reynolds. 
It can also be seen in Figure 4.22 that the volume fraction of the nanoparticles has an impact 
on the pressure drop. Specifically, the pressure drops at the 5% values are all greater than 
those at both 3% and 4% volume fraction by 7% and 3%, respectively. 
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Figure 4.22: Pressure Drop vs. Reynolds number for inlet temperature of 24°C. 
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Figure 4.23 shows similar results for the 32°C inlet temperature. As with the previous 
figure, for the same Reynolds number, the pressure drop experienced by the nanofluids is 
between 0.1 and 0.2 psi higher than the water values. This is an increase in pressure drop of 
about 35%. Once again, the pressure drop trends for the nanofluids are similar to the water 
data, increasing linearly with the Reynolds. 
0.7 
0.6 
~ 0.5 
E: 
Cl. 
~ 
c 0.4 
e 
::i 
., 
:: 
~ 0.3 
0.2 
0.1 
-Water 
• 3% 
... 4% 
x 5% 
O-t-~--,~~---,-~~.-~--.~~-,-~~....,-~~.--~--,-~~-,.-~--1 
4000 5000 6000 7000 8000 9000 10000 11000 12000 13000 14000 
Reynolds Number 
Figure 4.23: Pressure Drop vs. Reynolds number for inlet temperature of 32°C. 
The values obtained from the water data were used for each of the temperatures and a 
linear fit was made in order to extrapolate values for the lower Reynolds numbers of the 
nanofluids. This was necessary since the water values were not taken at the specific Reynolds 
numbers experienced by the nanofluids. These extrapolated water values were then used to 
compare the pressure drops of the nano fluids . 
The pressure drop ratio is found by using the same concepts to find the heat transfer 
ratio. Specifically, this ratio is defined as the pressure drop for the nanofluid divided by the 
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pressure drop for water at the same Reynolds number and inlet temperature. This ratio was 
calculated for all of the volume fractions, and it is plotted in Figure 4.24. 
Figure 4.24 shows that the pressure drop ratio increases linearly between the 3% and 
5% volume fractions . The average ratio for the 3% volume fraction was found to be about 
1.31, with the 4% value being 1.35, and the 5% average of around 1.38. Through this volume 
fraction range it is seen that for each percent increase in volume fraction, there is an increase 
in the pressure drop ratio of about 0.04. 
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Figure 4.24: Pressure drop ratio vs. volume fraction for nanofluid solutions. 
Table 4.3 displays the average pressure drop ratio at each of the inlet temperature 
cases. The pressure drop increase over water ranged from 29% to 40%. It is seen that the 
32°C case yields a higher ratio than the 24°C case, with the 32°C temperature having a ratio 
about 4% to 6% higher than the 24°C temperatures. 
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Table 4.3: Pressure drop ratio averages. 
Volume 24 Deg C 32 Deg C 
Fraction 
0 1.00 1.000 
0.03 1.29 1.35 
0.04 1.32 1.37 
0.05 1.36 1.40 
Figure 4.25 displays a graphical representation of the average pressure drop ratios for 
each temperature obtained from Table 4.3. 
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Figure 4.25: Average pressure drop ratios vs. volume fraction for nanofluid solutions. 
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CHAPTER 5. THEORETICAL MODELS 
This chapter investigates vanous nanofluid theoretical models compared to the 
experimental results. This chapter presents the nanofluid theoretical models that have been 
established and compares these values to the experimental results. These results are slightly 
different than what is presented in Chapter 4, since the effects of the nanoparticles are taken 
into account in the theoretical models. This method is used in order to see how effective 
these models are at predicting the experimental heat transfer coefficients obtained in the 
experiment. 
5.1 Theoretical Model Development 
Similar to the previous chapter, the heat transfer coefficients will be the value that the 
experimental results are compared to the theoretical models. Since the nanofluids heat 
transfer coefficients are unknown, it is necessary to start with the Nusselt number of the 
nanofluid. Once this is known, the following can be used to find the heat transfer coefficient 
of the fluid: 
(5.1) 
5.1.1 Nµ,sselt Number 
The Nusselt number of a nano fluid can be found if the Reynolds number and Prandtl 
number are kllown for the particular fluid. The following equation demonstrates this 
relationship between these non-dimensional numbers for situations with turbulent flow. 
Nun/= 0.023Ren1°·8 Pr)'j" (5.2) 
In the case of the nanofluid experiments reported here, the Reynolds numbers were 
determined in the previous chapter. 
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5.1.2 Prandtl Number 
Since the Prandtl number of the nano fluids is not a known property value, it was 
necessary to determine it as follows, 
where, 
Manipulating equations 5.3 and 5.4, equations for the Prandtl number are as follows, 
(5.3) 
(5.4) 
(5.5) 
(5.6) 
Since the dynamic viscosities and specific heats have already been determined for each of the 
volume fractions, the remaining parameter to be determined is the thermal conductivity. 
5.1.3 Thermal Conductivity 
Since both the Prandtl number and heat transfer coefficient equations require the 
thermal conductivity of the nanofluid and there are measurements were not made in this 
study, theoretical models must be used to find the values. The literature search showed that 
multiple attempts have been made to estimate the thermal conductivity of a fluid-solid 
solution. 
Hamilton and Crosser (1962) developed the following model for this situation: 
knf kP +(n-l)k1 -(n-l)¢(k1 -kP) 
--;;;= kP+(n-l)k1 +¢(k1 -kP) 
where the shape factor is given by: 
3 
n=-
lfl 
(5 .7) 
(5.8) 
where 1f1 is the sphericity, which is defined as the ratio of the surface area of a sphere to the 
surface area of the particle, assuming similar volumes. 
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This approach was used by Lee et al. (1999), who used l/f = 1, assuming the particles 
were spherical, and found this model to be in agreement with their experimental results for 
aluminum oxide nanofluids. 
For this experiment, the particles will be assumed to be spheres, and this assumption 
reduces equation 5.7 to the following: 
kn[ kp +2k1 -2rp(k1 -kp) 
k f = k p + 2k f + r/J ( k f - k p ) 
(5.9) 
Another method employed by Pak and Cho (1999) used established thermal 
conductivity values for the nanofluids. Specifically, they used the same type of particles, 
fluids and volume fractions as Masuda (1993). Namely, aluminum oxide with diameters of 
13 nanometers dispersed in water with varying volume fractions. The thermal conductivities 
for each of the volume fractions established by Masuda were then used directly by Pak and 
Cho. This method is not utilized here since the size of the nanoparticles are 100 nanometers 
in diameter, much larger than the previous studies, which will affect the effective thermal 
conductivity of the solution. 
5.2 Comparison of Theoretical and Experimental Results 
This section compares the experimental nanofluid heat transfer coefficients to the 
values obtained from the theoretical equations. 
5.2.1 Volume Fraction of 3% 
This section compares the theoretical models to the experimental results for the 
volume fraction of 3 %. In Figure 5 .1, it can be seen that for the 24 °C case the model predicts 
the experimental results within 10%. 
Figure 5.2 shows the case with an inlet temperature of 32°C. It is seen that the model 
is an even more accurate fit for this situation. The highest error experienced in this case is 
only 10%. Both of these figures show that the heat transfer coefficient enhancements 
experienced at this volume fraction are about 4% less than the predicted values obtained from 
the model. 
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Figure 5.1: Heat transfer coefficient vs. Reynolds number for inlet temperature of 
24°C and volume fraction of 3%. 
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Figure 5.2: Heat transfer coefficient vs. Reynolds number for inlet temperature of 
32°C and volume fraction of 3%. 
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The experimental heat transfer coefficient data are plotted in Figure 5.3 versus the 
theoretical values found using the nanofluid properties for both inlet temperatures. The solid 
line in this graph represents the case where both values are equal to each other, while the 
dashed lines correspond to a case where there is 20% error. All of these values fall within this 
20% range, with the largest deviation being about 10% and the majority of the data showing 
agreements within about 5%. 
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Figure 5.3: Experimental heat transfer coefficient vs. theoretical heat transfer 
coefficient, 3% volume fraction. 
5.2.2 Volume Fraction of 4% 
This section compares the theoretical models to the experimental results for the 
volume fraction of 4%. The case with the inlet temperature of 24°C is displayed in Figure 
5.4. This figure shows that the theoretical model predicts the experimental results within 
about 9%, while the water values under-predict the values by about 15%. 
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Figure 5.4: Heat transfer coefficient vs. Reynolds number for inlet temperature of 
24°C and volume fraction of 4%. 
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Figure 5.5: Heat transfer coefficient vs. Reynolds number for inlet temperature of 
32°C and volume fraction of 4%. 
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Figure 5.5 represents the case of an inlet temperature of 32°C. This situation is similar 
to the 24 degree case, in that the theoretical values obtained are close to the experimental 
results found, namely, within about 6%. In contrast, the pure water model is again lower than 
the experimental results by an average of about 19%. 
The experimental heat transfer coefficient data are plotted in Figure 5.6 versus the 
theoretical values found using the nanofluid properties for both inlet temperatures. All of 
these values fall within this 20% range, with the largest deviation being about 9% and the 
majority of the data showing agreements within about 5% of the predicted values. 
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Figure 5.6: Experimental heat transfer coefficient vs. theoretical heat transfer 
coefficient, 4% volume fraction. 
5.2.3 Volume Fraction of 5% 
This section compares the theoretical models to the experimental results for the 
volume fraction of 5%. The case with the inlet temperature of 24°C is displayed in Figure 
5.7. For this volume fraction and temperature it can be seen that the experimental values fall 
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between the pure water and theoretical models for this fluid. On average, the nanofluid is 
about exactly half way between these two models, indicating that while there is an increase 
over the pure water situation, there is not the amount of increase expected from the 
theoretical nanofluid model. The error that is experienced between the theoretical model and 
experimental data ranges from 4% to 12%, with an average of about 9%. 
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Figure 5. 7: Heat transfer coefficient vs. Reynolds number for inlet temperature of 
· 24°C and volume fraction of 5%. 
Figure 5.8 represents the case of the inlet temperature of 32°C. This graph shows a 
similar situation that was shown in Figure 5.7. While there was an increase in the heat 
transfer coefficient from the water values, the results are only half the distance to the 
expected values from the theoretical model. The error between the theoretical models and 
experimental data seen in this situation ranges from 4% to 14%, with an average of about 
8%. 
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Figure 5.8: Heat transfer coefficient vs. Reynolds number for inlet temperature of 
32°C and volume fraction of 5%. 
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Figure 5.9 plots the experimental heat transfer coefficient versus the theoretical 
values for both inlet temperatures of the 5% volume fraction. Compared to the 4% graph, it is 
seen that the experimental results are all lower than the theoretical values. As the plot shows, 
there are no points outside the 20% error range, but on average the experimental results are 
about 9% lower than the predicted values. 
5.2.4 All Nanofluid Volume Fractions 
This section compares all volume fractions of the nano fluid. Figure 5 .10 displays all 
of the experimental heat transfer coefficients plotted against the theoretical values obtained 
from the model. This allows the variation for the different volume fractions to be compared. 
It is apparent that the 4% volume fraction was the closest to the predicted values while the 
5% volume fraction deviated most from the predicted results. 
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Figure 5.11 displays the theoretical heat transfer ratio, which is the experimental heat 
transfer coefficient divided by the theoretical heat transfer coefficient based on the properties 
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of the nanofluid. This plot shows both of the inlet temperatures for all of the volume 
fractions. It can be seen that while there is a range of values for each of the volume fractions, 
they do show a trend similar to Figure 4.21. The averages of these plots can be found in 
Table 5.1. 
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Figure 5.11: Theoretical heat transfer ratio for each volume fraction. 
Table 5.1 shows the average of the theoretical heat transfer ratios for both inlet 
temperatures and all of the volume fractions. Here it is seen that the temperature does not 
play a significant factor in the results, since the largest deviation is 0.04 at 4% volume 
fraction, with the other two volume fractions having a variation of only 0.01 due to the inlet 
temperature. 
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Table 5.1: Average theoretical heat transfer ratio. 
24 Deg 32 Deg 
Volume c c 
Fraction 
0.00 1.00 1.00 
0.03 0.96 0.97 
0.04 1.03 0.99 
0.05 0.91 0.92 
Figure 5.12 plots these average Heat Transfer Ratio values for each volume fraction. 
On this graph, it is apparent that the theoretical models predict the experimental results well 
up to the volume fraction of 4%. The 5% volume fraction is over-predicted by about 9%, 
however. When comparing these values to those seen in Figure 4.21, it is obvious that the 
experimental results display an significant increase above the theoretical values for water 
using the Dittus-"Boelter equation, while the theoretical models used for nanofluids predict 
the results within an average of about 3% for the volume fractions of 3% and 4%. 
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Figure 5.12: Average theoretical heat transfer ratios for each volume fraction. 
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CHAPTER 6. CONCLUSIONS 
This study investigated the effects of nanoparticles on the heat transfer performance 
and pressure drop of water for a range of volume fractions of nanoparticles. The 
nanoparticles used in this study were aluminum oxide with diameters of 100 nanometers. 
These particles were dispersed in water at volume fractions ranging from zero to 5%. 
Comparing fluids at the same Reynolds numbers, it was found that the maximum 
increase in heat transfer for the nanofluid compared to water occured at the 4% volume 
fraction. This particular mixture had an average heat transfer coefficient of 17% greater than 
the water case. The next best enhancement was seen at the 3% volume fraction, where the 
average heat transfer coefficient was 12% higher than water. The volume fraction that had 
the lowest change in heat transfer was the 5% volume fraction, raising the heat transfer 
coefficient by about 8%. 
The nanofluid theoretical models predicted the experimental heat transfer coefficients 
to within 8%. Specifically, theoretical values at the 3% volume fraction over-predicted the 
experimental results by an average of about 3%, while the 4% volume fraction model under-
predicted the results by an average of one percent. The largest deviation occurred at the 5% 
volume fraction, with the model over-predicting the experimental results by an average of 
8%. 
The pressure drops for the nanofluids compared to water were greater by about 32% 
to 38%. Specifically, the 3% volume fraction had a pressure drop increase of an average of 
about 32% greater than water. Next, the 4% nanofluid mixture produced an average pressure 
drop of about 34.5% greater than water. Lastly, the 5% volume fraction had a pressure drop 
averaging about 38% larger than water. 
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CHAPTER 7. RECOMMENDATIONS 
In order to better understand the thermal characteristics of various nanofluids, more 
research is needed. This chapter gives the author's recommendations for further studies in the 
area of nano fluids. 
7.1 Volume Fraction 
The volume fraction range for the nanofluids is one area that could be improved. In 
particular, it would be beneficial to know exactly where the maximum heat transfer occurs. 
In this experiment, the volume fractions were taken at the single percentages, whereas every 
quarter of a percent may establish better trends to compare to each volume fraction. 
Since the heat transfer coefficients at the 5% volume fraction were not found to be as 
useful as the lower volume fractions, it is not recommended to go above this value for similar 
particles and base fluid. A larger volume fraction could be attempted, but it is not certain if 
the particles would remain suspended. The values between the zero and 3% range could be 
investigated if a nanofluid with lower pressure drops is of interest. 
7 .2 N anoparticles 
7.2.1 Type of Material 
The thermal conductivity of aluminum oxide is of concern for this application. While 
aluminum oxide possesses a thermal conductivity that is 60 times greater than water, there 
are still particles that have larger values. 
The use of particles with higher thermal conductivities would increase the effective 
heat transfer values of the fluid. The issue most commonly found is that particles that display 
an increase in thermal conductivity also have higher densities. This becomes a concern when 
the higher volume fractions are preferred, since higher density particles will tend to settle out 
of the solutions. 
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7.2.2 Size of Particles 
The size of the nanoparticles influences both the heat transfer coefficient and pressure 
drop. Since smaller particles lead to a higher viscosity, the pressure drop for this situation 
will increase. On the other hand, smaller particles also increase the surface area exposed, and 
create larger areas for possible heat transfer. Therefore, if larger heat transfer values are 
desired, then a smaller particle is recommended. However, this will increase the pressure 
drop of the system. Alternatively, if the pressure drop is a concern, then larger particles are 
suggested. This will provide smaller thermal enhancements, with minimal pressure 
disturbances. 
7 .3 Base Fluid 
It is recommended that a variety of fluids be used to test the ability of the 
nanoparticles enhancement for each fluid. One type of fluid that could be considered is 
propylene glycol. Since glycols are commonly used in secondary refrigeration systems, this 
would help identify compatible solutions for these systems. 
7.4 Equipment 
The level of mixing the nanofluids experienced in this study was a concern. The 
solution was considered fully mixed, and random testing proved this assumption accurate. 
However, additional mixing just prior to adding the nanofluids to the apparatus could 
increase the allowable time the solution can remain stationary. The use of an ultrasonic mixer 
could provide better mixing of the nanofluids, as well as allow the user to create new 
solutions. 
It is recommended that when testing nanofluids that the thermal conductivity be taken 
experimentally. A hot wire test for thermal conductivity could validate the theoretical models 
in place. 
One last recommendation for equipment to use in this type of experiment is a positive 
displacement pump. This type of pump will allow the user to maintain a wide range of flows, 
even with large viscous forces increasing the pressure drop in the system. 
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APPENDIX A. TEST DATA 
Table A. I: Measured wall temperatures along test section length for pure water. 
Wall Temperatures (Degrees C) 
Distance from Entrance 
Run 1 (ft) 2 (ft) 3 (ft) 4 (ft) 5 (ft) 6 (ft) 7 (ft) Averaoe 
1 25.6 26.1 26.0 25.8 26.7 26.3 26.1 26.1 
2 25.7 26.2 26.1 25.8 26.7 26.3 26.1 26.1 
3 26.0 26.6 26.4 26.0 27.1 26.6 26.4 26.4 
4 26.5 27.2 27.0 26.6 27.7 27.1 26.9 27.0 
5 26.5 27.3 27.1 26.5 27.8 27.0 26.8 27.0 
6 25.8 26.3 26.2 25.9 26.8 26.4 26.2 26.2 
7 25.8 26.4 26.3 26.0 26.9 26.5 26.3 26.3 
8 26.2 26.9 26.7 26.4 27.4 26.7 26.5 26.7 
9 26.8 27.5 27.3 27.0 28.0 27.4 27.1 27.3 
10 26.6 27.4 27.1 26.8 27.9 27.1 26.9 27.1 
11 33.7 34.2 34.3 34.0 34.8 34.4 34.2 34.2 
12 33.8 34.4 34.3 34.0 34.9 34.4 34.2 34.3 
13 34.1 34.7 34.5 34.2 35.2 34.6 34.5 34.5 
14 34.1 34.8 34.6 34.1 35.2 34.5 34.4 34.5 
15 34.6 35.4 35.1 34.6 35.8 35.1 34.9 35.1 
16 33.6 34.1 34.1 33.9 34.7 34.4 34.2 34.1 
17 33.5 34.1 34.1 33.9 34.7 34.2 34.1 34.1 
18 34.6 35.3 35.2 34.8 35.7 35.2 35.0 35.1 
19 34.2 35.0 34.9 34.5 35.5 34.9 34.7 34.8 
20 34.6 35.4 35.2 34.7 35.8 35.1 34.9 35.1 
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Table A.2: Measured inputs for pure water. 
Power Mass 
T; To Tt To-T; dP In Flow 
Run (deQ C) (deQ C) (deQ C) (deQ C) (psi) (Watts) (kQ/min) 
1 24.1 25.7 24.9 1.6 0.50 330.0 2.97 
2 24.3 25.8 25.0 1.6 0.54 360.3 3.33 
3 24.4 26.0 25.2 1.6 0.59 404.8 3.68 
4 24.6 26.2 25.4 1.6 0.62 452.7 4.01 
5 24.6 26.2 25.4 1.6 0.68 488.9 4.40 
6 24.3 25.8 25.0 1.5 0.51 309.9 3.01 
7 24.3 25.9 25.1 1.6 0.55 362.0 3.36 
8 24.4 25.9 25.1 1.5 0.58 408.4 3.73 
9 24.8 26.4 25.6 1.6 0.62 455.0 3.99 
10 24.6 26.1 25.3 1.5 0.68 478.5 4.39 
11 32.3 33.8 33.0 1.5 0.51 345.4 3.07 
12 32.4 33.8 33.1 1.5 0.54 368.5 3.36 
13 32.4 33.9 33.2 1.5 0.58 410.1 3.68 
14 32.2 33.7 33.0 1.5 0.61 449.8 4.02 
15 32.8 34.3 33.5 1.5 0.68 511.1 4.46 
16 32.3 33.8 33.0 1.6 0.50 327.4 2.99 
17 32.2 33.7 33.0 1.5 0.54 366.4 3.34 
18 32.8 34.3 33.6 1.6 0.58 412.2 3.68 
19 32.6 34.2 33.4 1.6 0.61 446.9 4.03 
20 32.6 34.1 33.4 1.5 0.68 496.1 4.44 
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Table A.3: Determined values for pure water. 
Tw-
mCp(dT) Velocity k Velocity Re Tw-Tt T f corrected hexneriment h theorv 
Run (Watts) (mis) (WlmK) (mis) Number (deq C) (deq C) (Wlm2K) (Wlm2K) 
1 327.5 0.70 0.59 0.70 7414 1.2 1.2 3741 3735 
2 362.6 0.78 0.59 0.78 8350 1.1 1.0 4724 4103 
3 404.8 0.86 0.60 0.86 9255 1.2 1.1 5247 4450 
4 446.9 0.94 0.60 0.94 10136 1.6 1.3 4881 4778 
5 493.6 1.03 0.60 1.03 11109 1.6 1.2 5432 5144 
6 319.1 0.71 0.59 0.71 7530 1.2 1.3 3361 3778 
7 368.4 0.79 0.59 0.79 8422 1.2 1.1 4423 4129 
8 396.3 0.88 0.60 0.88 9366 1.6 1.4 4096 4495 
9 438.7 0.94 0.60 0.94 10120 1.7 1.4 4409 4766 
10 472.1 1.03 0.60 1.03 11068 1.8 1.4 4688 5130 
11 322.9 0.72 0.61 0.72 9147 1.2 1.2 4059 4173 
12 348.6 0.79 0.61 0.79 10016 1.2 1.1 4586 4485 
13 385.8 0.87 0.61 0.87 10986 1.3 1.2 4850 4827 
14 427.6 0.94 0.61 0.94 11936 1.6 1.3 4900 5165 
15 478.0 1.05 0.61 1.05 13415 1.6 1.1 6423 5650 
16 324.7 0.70 0.61 0.70 8907 1.1 1.1 3924 4085 
17 352.9 0.79 0.61 0.79 9931 1.1 1.0 4868 4458 
18 398.0 0.87 0.61 0.87 11061 1.5 1.3 4197 4841 
19 436.9 0.95 0.61 0.95 12079 1.4 1.1 5429 5199 
20 473.7 1.05 0.61 1.05 13305 1.7 1.3 5125 5619 
64 
Table A.4: Measured wall temperatures along test section length for volume fraction of 3%. 
Wall Temperatures (Degrees C) 
Distance from Entrance 
Run 1 (ft) 2 (ft) 3 (ft) 4 (ft) 5 (ft} 6 (ft} 7 (ft} Average 
1 25.5 26.2 26.1 25.9 26.8 26.5 26.3 26.2 
2 26.1 26.9 26.8 26.4 27.5 27.0 26.8 26.8 
3 26.1 26.9 26.8 26.4 27.5 27.0 26.7 26.8 
4 25.8 26.8 26.6 26.1 27.2 26.6 26.4 26.5 
5 26.4 27.4 27.2 26.6 27.8 27.1 26.9 27.1 
6 25.5 26.2 26.1 25.9 26.7 26.4 26.2 26.1 
7 25.9 26.7 26.6 26.3 27.3 26.9 26.6 26.6 
8 25.8 26.7 26.6 26.2 27.3 26.8 26.5 26.6 
9 26.1 27.0 26.8 26.4 27.5 27.0 26.7 26.8 
10 26.2 27.2 27.0 26.5 27.8 27.1 26.9 27.0 
11 33.1 33.8 33.9 33.6 34.4 34.2 33.9 33.9 
12 33.3 34.1 34.1 33.7 34.7 34.3 34.1 34.1 
13 33.3 34.3 34.2 33.8 34.9 34.4 34.1 34.2 
14 33.3 34.4 34.3 33.8 35.0 34.4 34.1 34.2 
15 33.6 34.8 34.7 34.1 35.3 34.7 34.5 34.5 
20 33.8 34.9 34.9 34.4 35.4 34.9 34.7 34.7 
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Table A.5: Measured inputs for volume fraction of 3%. 
Power Mass 
Ti To Tt To-Ti In dP Flow 
Run (deo C) (deq C) (deg C) (deg C) (Watts) (psi) (kq/min) 
1 24.1 25.6 24.8 1.5 316.4 0.52 . 3.16 
2 24.3 25.9 25.1 1.6 379.9 0.57 3.55 
3 24.2 25.8 25.0 1.5 413.2 0.62 3.99 
4 23.8 25.3 24.6 1.5 447.0 0.66 4.29 
5 24.2 25.7 25.0 1.5 494.2 0.71 4.62 
6 24.1 25.6 24.8 1.5 315.7 0.54 3.23 
7 24.3 25.9 25.1 1.6 379.2 0.57 3.58 
8 24.2 25.7 24.9 1.5 411.1 0.62 4.00 
9 24.2 25.7 25.0 1.5 448.4 0.67 4.32 
10 24.3 25.8 25.0 1.5 483.7 0.71 4.63 
11 32.0 33.5 32.8 1.5 318.8 0.52 3.16 
12 32.0 33.5 32.7 1.5 370.4 0.57 3.58 
13 31.9 33.4 32.6 1.5 414.6 0.62 4.02 
14 31.8 33.3 32.5 1.5 449.4 0.66 4.32 
15 32.1 33.5 32.8 1.5 484.6 0.71 4.68 
20 32.2 33.6 32.9 1.4 486.4 0.70 4.67 
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Table A.6: Determined values for volume fraction of 3%. 
Tw-
Cn Viscosity knano Velocity Re Tw-Tt Tt corrected hnano hwater 
Run (kJ/kaK) (ka/ms) (W/mK) (m/s) Number (dea C) (dea C) (W/m2K) (W/m2K) 
1 3.98 0.00132 0.75 0.69 5322 1.4 1.4 3056 2866 
2 4.02 0.00132 0.75 0.77 6019 1.7 1.6 3300 3157 
3 4.04 0.00132 0.75 0.86 6737 1.8 1.6 3593 3457 
4 4.18 0.00133 0.75 0.93 7185 1.9 1.6 3797 3651 
5 4.24 0.00132 0.75 1.00 7806 2.1 1.7 4002 3890 
6 3.98 0.00132 0.75 0.70 5442 1.3 1.4 3134 2918 
7 3.95 0.00132 0.75 0.78 6053 1.5 1.4 3598 3171 
8 4.04 0.00132 0.75 0.87 6743 1.6 1.4 3892 3462 
9 4.07 0.00132 0.75 0.94 7299 1.8 1.5 4052 3686 
10 4.09 0.00132 0.75 1.00 7831 1.9 1.5 4275 3898 
11 4.08 0.00111 0.75 0.69 6328 1.1 1.1 3867 3113 
12 4.05 0.00112 0.75 0.78 7149 1.3 1.3 4046 3433 
13 4 .15 0.00112 0.75 0.87 8017 1.5 1.3 4324 3765 
14 4.11 0.00112 0.75 0.94 8601 1.6 1.3 4566 3985 
15 4.26 0.00111 0.75 1.02 9370 1.7 1.3 5090 4260 
20 4.32 0.00111 0.75 1.02 9367 1.8 1.4 4710 4257 
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Table A.7: Measured wall temperatures along test section length for volume fraction of 4%. 
Wall Temperatures (Degrees C) 
Distance from Entrance 
Run 1 (ft) 2 (ft) 3 (ft) 4 (ft) 5 (ft) 6 (ft) 7 (ft) AveraQe 
1 25.6 26.3 26.3 26.0 26.9 26.6 26.3 26.3 
2 25.7 26.5 26.4 26.0 27.1 26.7 26.4 26.4 
3 25.9 26.7 26.6 26.2 27.3 26.8 26.6 26.6 
4 26.0 26.8 26.6 26.2 27.3 26.8 26.5 26.6 
5 26.3 27.2 27.1 26.6 27.7 27.1 26.9 27.0 
6 25.4 26.1 26.1 25.9 26.7 26.4 26.2 26.1 
7 25.7 26.5 26.5 26.2 27.1 26.7 26.5 26.5 
8 25.8 26.7 26.6 26.2 27.2 26.8 26.6 26.5 
9 26.0 26.9 26.8 26.3 27.5 26.9 26.7 26.7 
10 26.1 27.1 26.9 26.4 27.6 27.0 26.7 26.8 
11 33.1 33.8 33.8 33.6 34.4 34.1 33.9 33.8 
12 33.3 34.0 34.1 33.7 34.7 34.3 34.1 34.0 
13 33.4 34.3 34.3 33.9 34.9 34.5 34.3 34.2 
14 33.4 34.3 34.2 33.8 34.9 34.4 34.1 34.2 
15 33.7 34.8 34.7 34.2 35.3 34.8 34.6 34.6 
16 33.3 33.9 34.0 33.8 34.5 34.3 34.1 34.0 
17 33.4 34.2 34.2 33.9 34.9 34.5 34.3 34.2 
18 33.4 34.2 34.2 33.8 34.8 34.4 34.2 34.1 
19 33.8 34.7 34.6 34.2 35.3 34.8 34.5 34.6 
20 33.9 34.9 34.8 34.3 35.4 34.8 34.6 34.7 
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Table A.8: Measured inputs for volume fraction of 4%. 
Power Mass 
T; To Tt To-T; In dP Flow 
Run (deg C) (deg C) (deg C) (deg C) (Watts) (psi) (kg/min) 
1 24.3 25.8 25.1 1.5 308.7 0.52 3.21 
2 24.2 25.8 25.0 1.5 360.1 0.57 3.64 
3 24.2 25.8 25.0 1.5 405.3 0.65 3.96 
4 24.0 25.5 24.7 1.6 449.8 0.66 4.33 
5 24.2 25.7 24.9 1.5 484.3 0.70 4.70 
6 24.1 25.7 24.9 1.5 309.1 0.51 3.19 
7 24.2 25.8 25.0 1.5 361.7 0.56 3.59 
8 24.2 25.7 25.0 1.5 405.9 0.61 3.95 
9 24.2 25.8 25.0 1.5 440.6 0.66 4.33 
10 24.3 25.8 25.0 1.5 489.2 0.71 4.70 
11 32.0 33.4 32.7 1.5 318.5 0.52 3.28 
12 31.9 33.5 32.7 1.5 370.1 0.56 3.62 
13 32.0 33.6 32.8 1.5 402.6 0.63 3.99 
14 31.8 33.3 32.6 1.6 449.4 0.65 4.39 
15 32.1 . 33.6 32.8 1.5 485.2 0.70 4.68 
16 32.2 33.6 32.9 1.4 308.6 0.51 3.24 
17 32.1 33.7 32.9 1.6 373.6 0.60 3.60 
18 31 .9 33.4 32.7 1.5 405.7 0.64 3.99 
19 32.2 33.7 33.0 1.5 439.0 0.64 4.33 
20 32.1 33.6 32.9 1.5 488.6 0.70 4.76 
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Table A.9: Determined values for volume fraction of 4%. 
Tw-
Cn Viscosity knano Velocity Re Tw-Tt T f corrected hnano hwater 
Run (kJ/kgK) (kg/ms) (W/mK) (mis) Number (deg C) (deg C) (W/m2K) (W/m2K) 
1 3.89 0.00137 0.80 0.67 5219 1.2 1.3 3211 2817 
2 3.85 0.00137 0.80 0.76 5912 1.4 1.3 3658 3114 
3 3.97 0.00137 0.80 0.83 6437 1.6 1.4 3934 3333 
4 3.99 0.00138 0.80 0.91 6997 1.9 1.6 3904 3570 
5 4 .14 0.00137 0.80 0.99 7627 2.1 1.7 3964 3820 
6 3.85 0.00137 0.80 0.67 5172 1.2 1.3 3267 2800 
7 4.00 0.00137 0.80 0.75 5832 1.4 1.4 3564 3080 
8 3.99 0.00137 0.80 0.83 6418 1.6 1.4 3938 3327 
9 3.98 0.00137 0.80 0.91 7044 1.7 1.4 4172 3583 
10 4.08 0.00137 0.80 0.99 7641 1.8 1.4 4762 3823 
11 3.92 0.00116 0.80 0.69 6300 1.1 1.2 3681 3104 
12 3.98 0.00116 0.80 0.76 6950 1.3 1.2 4071 3357 
13 3.98 0.00116 0.80 0.84 7676 1.4 1.2 4467 3632 
14 3.93 0.00116 0.80 0.92 8403 1.6 1.3 4716 3911 
15 4.13 0.00116 0.80 0.99 9020 1.8 1.4 4871 4132 
16 3.95 0.00116 0.80 0.68 6245 1.1 1.2 3553 3078 
17 3.89 0.00116 0.80 0.76 6939 1.3 1.2 4208 3348 
18 4.00 0.00116 0.80 0.84 7662 1.5 1.3 4214 3631 
19 3.99 0.00115 0.80 0.91 8364 1.6 1.3 4492 3887 
20 4 .06 0.00116 0.80 1.00 9169 1.8 1.4 4747 4186 
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Table A.10: Measured wall temperatures along test section length for volume fraction of 5%. 
Wall Temperatures {Degrees C) 
Distance from Entrance 
Run 1 (ft) 2 (ft) 3 (ft) 4 (ft) 5 (ft) 6 (ft) 7 (ft) AveraQe 
1 25.8 26.3 26.3 26.1 27.0 26.7 26.5 26.4 
2 26.0 26.6 26.6 26.4 27.3 26.9 26.7 26.7 
3 26.2 27.0 26.9 26.6 27.5 27.1 26.9 26.9 
4 26.5 27.3 27.1 26.7 27.9 27.3 27.1 27.1 
5 26.3 27.2 27.1 26.6 27.8 27.2 27.0 27.0 
6 25.9 26.5 26.5 26.2 27.1 26.8 26.6 26.5 
7 26.0 26.7 26.6 26.4 27.3 26.9 26.7 26.7 
8 26.0 26.7 26.7 26.3 27.4 26.9 26.7 26.7 
9 26.3 27.2 27.0 26.6 27.8 27.2 27.0 27.0 
10 26.4 27.3 27.2 26.8 27.8 27.3 27.1 27.1 
11 33.5 34.1 34.2 33.9 34.7 34.5 34.3 34.2 
12 33.6 34.3 34.4 34.0 35.0 34.6 34.4 34.3 
13 33.6 34.4 34.4 34.0 35.0 34.6 34.4 34.3 
14 33.9 34.7 34.7 34.3 35.3 34.8 34.6 34.6 
15 33.7 34.6 34.6 34.1 35.2 34.7 34.5 34.5 
16 33.5 34.1 34.2 34.0 34.8 34.5 34.3 34.2 
17 33.7 34.4 34.5 34.2 35.1 34.7 34.5 34.5 
18 33.8 34.5 34.6 34.2 35.2 34.8 34.6 34.5 
19 33.9 34.7 34.7 34.2 35.3 34.8 34.6 34.6 
20 34.2 35.1 35.1 34.6 35.7 35.1 34.9 35.0 
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Table A.11: Measured inputs for volume fraction of 5%. 
Power Mass 
T; To Tt Ta-T; In dP Flow 
Run (deQ C) (deQ C) (deQ C) (deQ C) (Watts) (psi) (kQ/min) 
1 24.3 25.8 25.0 1.5 308.4 0 .53 3.26 
2 24.4 25.9 25.2 1.5 349.5 0 .57 3.62 
3 24.4 25.8 25.1 1.5 392.1 0.60 3.94 
4 24.4 26.0 25.2 1.5 436.7 0 .65 4.33 
5 24.1 25.7 24.9 1.5 471 .8 0.73 4.75 
6 24.4 25.9 25.2 1.5 308.0 0 .53 3.28 
7 24.3 25.8 25.0 1.5 350.8 0.57 3.58 
8 24.2 25.7 24.9 1.5 392.5 0 .61 3.96 
9 24.3 25.8 25.1 1.5 437.8 0.67 4.38 
10 24.4 25.8 25.1 1.5 474.6 0.71 4.73 
11 32.3 33.7 33.0 1.4 308.7 0 .52 3.35 
12 32.2 33.7 32.9 1.6 359.8 0 .55 3.57 
13 32.0 33.5 32.7 1.5 392.9 0.62 3.97 
14 32.1 33.7 32.9 1.6 437.6 0.65 4.39 
15 32.0 33.5 32.7 1.5 474.1 0.70 4.74 
16 32.3 33.7 33.0 1.5 308.4 0 .51 3.25 
17 32.3 33.8 33.1 1.5 360.8 0.55 3.57 
18 32.3 33.8 33.0 1.5 392.8 0.63 3.97 
19 32.1 33.6 32.9 1.5 438.2 0.65 4.37 
20 32.4 33.9 33.2 1.5 486.8 0.71 4.82 
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Table A.12: Determined values for volume fraction of5%. 
Tw-
Cn Viscosity knano Velocity Re Tw-Tt Tt corrected hnano hwater 
Run (kJ/kQK) (kQ/ms) (W/mK) (mis) Number (deQ C) (deQ C) (W/m2K) (W/m2K) 
1 3.78 0.00144 0.81 0.67 5043 1.34 1.426992 2960 2741 
2 3.79 0.00144 0.81 0.74 5615 1.50 1.469805 3257 2985 
3 4.01 0.00144 0.81 0.81 6101 1.80 1.662493 3231 3191 
4 3.94 0.00144 0.81 0.89 6712 1.94 1.681368 3558 3442 
5 3.95 0.00145 0.81 0.97 7320 2.13 1.775418 3640 3697 
6 3.80 0.00144 0.81 0.67 5078 1.37 1.456179 2897 2754 
7 3.85 0.00144 0.81 0.73 5532 1.64 1.613647 2978 2952 
8 3.84 0.00145 0.81 0.81 6113 1.74 1.599709 3361 3200 
9 3.91 0.00144 0.81 0.90 6779 1.96 1.694837 3538 3473 
10 4.07 0.00144 0.81 0.97 7317 2.02 1.658201 3921 3690 
11 3.90 0.00121 0.81 0.69 6144 1.17 1.251225 3379 3036 
12 3.85 0.00122 0.81 0.73 6550 1.39 1.341097 3675 3196 
13 3.96 0.00122 0.81 0.82 7249 1.63 1.485544 3623 3472 
14 3.85 0.00122 0.81 0.90 8042 1.71 1.450173 4133 3768 
15 4.02 0.00122 0.81 0.97 8647 1.74 1.376852 4717 3997 
16 3.91 0.00121 0.81 0.67 5956 1.22 1.308733 3228 2962 
17 3.93 0.00121 0.81 0.73 6565 1.40 1.346555 3671 3200 
18 3.91 0.00121 0.81 0.82 7288 1.51 1.366023 3939 3480 
19 3.96 0.00122 0.81 0.90 8005 1.73 1.466781 4092 3755 
20 4.01 0.00121 0.81 0.99 8879 1.80 1.407283 4738 4072 
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APPENDIX B. RIG CORRECTION FACTOR 
Thermocouples that are close to a heat source can register values which are larger 
than the actual temperature at their position. This phenomenon was investigated for the 
testing apparatus. Initially, theoretical wall temperatures were found using the theoretical 
heat transfer coefficients from the Dittus-Boelter equation. These temperatures were 
compared to the experimental temperatures. A discrepancy was noted between the 
temperatures at higher wattages. 
The method used to reduce this discrepancy was to add small amounts of insulation to 
the surface of the thermocouple that was in contact with the heater. After testing this new 
setup, it was found that the discrepancy between the theoretical wall temperature and the 
experimental wall temperatures had been reduced by about 50%. 
Since there was still a difference between the theoretical and experimental 
temperatures, it was decided that a correction factor be established for the apparatus. The 
following shows the development of the correction factor. 
Figure B.1 and B.2 display the initial heat transfer coefficient values obtained when 
performing the water experiment prior to the use of a correction factor. As can be seen in 
both cases, the heat transfer coefficient is relatively close to the Dittus-Boelter value up to a 
Reynolds number around 9000, but then drops off significantly after this point. 
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Figure B.1: Heat transfer coefficient vs. Reynolds number prior to 
correction factor for inlet of 24°C. 
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Figure B.2: Heat transfer coefficient vs. Reynolds number prior to 
correction factor for inlet of 32°C. 
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Another method of evaluating the differences between the theoretical and 
experimental values is to plot them against each other. Figure B.3 does this, with the 
experimental results on the y-axis and the theoretical values on the x-axis. On this graph, the 
solid line represents the case where the values are equal to each other, while the dashed lines 
represent error of ±20%. It is observed that for values up to about 4500 W/m2K, the results 
are accurate to about 10%. Once the theoretical values increase above this point, the 
experimental results level off and the error seen is increased to around 30%. 
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Figure B.3: Experimental heat transfer coefficient vs. theoretical heat 
transfer coefficient prior to correction factor. 
In order to correct the variation, the values obtained for the difference in temperature 
between the wall and fluid were compared to those expected using the Dittus-Boelter 
equation. This difference was then plotted against the input wattage and a linear equation was 
established. The equation that was found is the following: 
(B.l) 
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APPENDIX C. EXPERIMENTAL UNCERTAINTY 
Uncertainty is the statistically defined discrepancy between a measured quantity and 
the true value of that quantity. An uncertainty analysis is generally seen as: 
t=m±w (C.1) 
where m is the measured quantity, and w is the level of uncertainty. 
For this experiment, the final results are presented as the heat transfer coefficient, 
which is given as the following equation: 
Q h=----
A(Tw-Tf) 
(C.2) 
According to Kline and McClintock, the propagation of data uncertainty will be determined 
by the following: 
(C.3) 
where R is the dependant variable, v represents each independent variable, and w is the 
uncertainty of each of those independent variables. For Equation C.2, there are four 
independent variables and the propagation of uncertainty will look like the following: 
[ 2 ( J2 ( J2 ]Yi ah ah 2 ah ah w - -w + -w + -w + -w 
' - ( 8Q Q) (BA A) ar. T. arf r, (C.4) 
The following shows the derivative terms for each variable: 
ah WQ 
-w = ----='---
aQ Q A(Tw -T1 ) 
(C.5) 
ah - Q(wA) 
-w = - - ----""-
aA A A2 (Tw -Tf) (C.6) 
ah -Q(WT ) 
-w = "' 
ar r., A(T -T )2 
w w f 
(C.7) 
(C.8) 
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Substituting these derivatives into Equation C.9, we find: 
The following are the individual uncertainties of each independent variable: 
Table C.1: Range and Uncertainty for each independent variable. 
Q 
Watts 
0-550 
5 
A 
m2 
0.073 
0.001 
Substituting these values into the previous equation, the following is found: 
I[ 5[Watts] J2 [ 550[Watts](0.001)[ m2 ] J2 
wh =l 0.073[ m2 ](25.5-24)[ 0 c] + 0.0732 [ m4 ](25.5-24)[ 0 c] + .... 
550[Watts ](0.1)[ °C J 550[Watts ](0.1)[ °C J 2 2 ]112 
( 0.073[ m'](25.5-24)'[ 0 c]'} +( 0.073[ m'](25.5-24)'[ 0 c]'} 
Solving this, the experimental heat transfer coefficient uncertainty is found to be: 
This can be converted to a percentage, which yields: 
wh =±9.6% 
(C.9) 
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APPENDIX D. ENTRANCE REGION CALCULATION 
This appendix calculates the entrance region for the test section of the apparatus. The 
entrance length can be calculated as follows, 
1o~(x~,h) 
turb 
(D.l) 
Assuming that the minimum ratio of 10 is sufficient, and substituting the value of the 
diameter for the apparatus into the equation, the following is found: 
x1d ,h =0.31.fi 
This entrance region is equivalent to less than 4% of the total length of the test 
section. From this calculation, it is apparent that the assumption of turbulent flow is accurate. 
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APPENDIX E. DATA ACQUISITION PROGRAM 
Figure E.1: Data acquisition user interface. 
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Figure E.2: Labview Program Diagram. 
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roof date time 1 . vi 
readsheet S trin 
Figure E.3: Labview Sub-program Diagram. 
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I ~~roofdatel 
~ =oJJ 
-::·----~--- ------- ~:"••=-I 
Figure E.4: Labview Sub-program Diagram. 
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~IFalse~~ 
Figure E.5: Labview Sub-program Diagram. 
!delay elapsed?! 
jlnlj 
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APPENDIX F. HEAT TRANSFER RATIO COMPARISONS 
Table F.1: Heat Transfer Ratios for Volume Fraction of 3%. 
same same same 
mdot v Re mdot Velocity Re 
kq/min mis Number hnanc/hwater hnanc/hwater hnanofhwater 
3.16 0.69 5322 0.78 0.83 1.07 
3.55 0.77 6019 0.76 0.81 1.05 
3.99 0.86 6737 0.76 0.81 1.04 
4.29 0.93 7185 0.76 0.81 1.04 
4.62 1.00 7806 0.75 0.80 1.03 
3.23 0.70 5442 0.79 0.83 1.07 
3.58 0.78 6053 0.83 0.88 1.13 
4 .00 0.87 6743 0.82 0.87 1.12 
4.32 0.94 7299 0.80 0.85 1.10 
4.63 1.00 7831 0.80 0.85 1.10 
3.16 0.69 6328 0.91 0.96 1.24 
3.58 0.78 7149 0.86 0.91 1.18 
4.02 0.87 8017 0.84 0.89 1.15 
4.32 0.94 8601 0.84 0.89 1.15 
4 .68 1.02 9370 0.87 0.93 1.19 
4.67 1.02 9367 0.81 0.86 1.11 
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Table F.2: Heat Transfer Ratios for Volume Fraction of 4%. 
same same same 
mdot v Re mdot Velocity Re 
kg/min mis Number hnandhwater hnanc/hwater hnanc/hwater 
3.21 0.67 5219 0.81 0.88 1.14 
3.64 0.76 5912 0.83 0.91 1.17 
3.96 0.83 6437 0.84 0.91 1.18 
4.33 0.91 6997 0.77 0.84 1.09 
4.70 0.99 7627 0.74 0.80 1.04 
3.19 0.67 5172 0.83 0.90 1.17 
3.59 0.75 5832 0.82 0.89 1.16 
3.95 0.83 6418 0.84 0.91 1.18 
4.33 0.91 7044 0.83 0.90 1.16 
4.70 0.99 7641 0.88 0.96 1.25 
3.28 0.69 6300 0.84 0.92 1.19 
3.62 0.76 6950 0.86 0.94 1.21 
3.99 0.84 7676 0.87 0.95 1.23 
4.39 0.92 8403 0.85 0.93 1.21 
4.68 0.99 9020 0.84 0.91 1.18 
3.24 0.68 6245 0 .82 0.89 1.15 
3.60 0.76 6939 0.89 0.97 1.26 
3.99 0.84 7662 0.82 0.90 1.16 
4.33 0.91 8364 0.82 0.89 1.16 
4 .76 1.00 9169 0.80 0.88 1.13 
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Table F.3: Heat Transfer Ratios for Volume Fraction of 5%. 
same same same 
mdot v Re mdot Velocity Re 
kQ/min mis Number hnanc/hwater hnanc/hwater hnanc/hwater 
3.26 0.67 5043 0.73 0.82 1.08 
3.62 0.74 5615 0.74 0.83 1.09 
3.94 0.81 6101 0.69 0.77 1.01 
4.33 0.89 6712 0.70 0.78 1.03 
4.75 0.97 7320 0.67 0.74 0.98 
3.28 0.67 5078 0.71 0.80 1.05 
3.58 0.73 5532 0.69 0.76 1.01 
3.96 0.81 6113 0.71 0.79 1.05 
4.38 0.90 6779 0.69 0.77 1.02 
4.73 0.97 7317 0.72 0.80 1.06 
3.35 0.69 6144 0.76 0.84 1.11 
3.57 0.73 6550 0.78 0.87 1.15 
3.97 0.82 7249 0.71 0.79 1.04 
4.39 0.90 8042 0.75 0.83 1.10 
4.74 0.97 8647 0.80 0.89 1.18 
3.25 0.67 5956 0.74 0.82 1.09 
3.57 0.73 6565 0.78 0.87 1.15 
3.97 0.82 7288 0.77 0.86 1.13 
4.37 0.90 8005 0.74 0.82 1.09 
4.82 0.99 8879 0.79 0.88 1.16 
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Figure F.1: Heat Transfer Ratios comparing various factors. 
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